AGARO>CP-512 


AD-A253  108 


AGARD-CP-512 


ADVISORY  GROUP  FOR  AEROSPACE  RESEARCH  &  DEVELOPMENT 

7RUEANCELLE  92200  NEUILLY  SUR  SEINE  FRANCE 


AGARO  CONFERENCE  PROCEEDINGS  512 

Combat  Aircraft  Noise 


OTIC 

ELECTS 
:JUN131992 

i 


(Le  Bruit  Genere  par  les  Avions  de  Combat) 


PtSTRIBUnON  STATSWart  A 

for  pnbUe  i>lw| 
OMrtbaaoB  UnUfiOlMd 


Papers  presented  at  the  Propulsion  and  Energetics  Panel 

78th  B  Specialists' Meeting  held  in  Bonn,  Germany,  23rd— 25th  October  1991. 


CO^PO^ENT  PART  NOTICE 


This  paper  is  a  COMPONENT  PPRl  or  the  fcllowing  COfFILATION  report: 

TTHE:  rnmhati  Airrraff.  Nniap  hfflH  in  Bonn.  Germany  on  23-23  October  1991 
n/»  Rnilt  Genere  oar  lea  Avions  de  Combat) 


To  ORDER  THE  COMPLETE  COfflLATION  REPORT,  USE  AD-A253  108 


The  component  part  is  provided  h'^e  to  allow  users  access  to  ind'vidually 

AUTHORED  SECTIONS  OF  PROCEEDING,  ANNALS,  SYMPOSIA,  ETC.  HCX€VER,  THE  COWNENT 
SHOULD  BE  CONSIDERED  WITHIN  THE  CONTEXT  OF  THE  OVERALL  COMPILATION  REPORT  AND 
NOT  AS  A  STAND-ALONE  TECHNICAL  REPORT.  _ ^ 

The  FOLLOWING  COMPONENT  PART  f«JMBERS  COMPRISE  THE  COMPILATION  REPORT: 


AD#:  . 

P007  512 

thru  Vm  P0O7  533 

AD#: 

AD#t  . 

AD#: 

AM: 

DTIC 

ELECTS 

JUL02I992 

3 


~  CaftHBOnOW  BTATEMOiTT 

AppPOTWt  fag  pfifaSv  fttOOMI 
DMbotlaa  DnllinttMf 


A«94 

mis 

MIC 

Uum 

JUBt 

•■alen  for  / 

!  CRAAI  ra/' 

TAB  5 

nouacdd  q 

XriCnt 1 nn 

By 

1  Plata 

1  Aval 

'1  but  Ion/  I 

lability  Codoa j 

IDUt 

r| 

Avail  aad^'r^ 
Spaclal 

All 

DTIC 

‘^MAR  85^^ 


OP I:  DTIC-TID 


AGARD-CP-512 


ADVISORY  GROUP  FOR  AEROSPACE  RESEARCH  &  DEVELOPMENT 

7  RUE  ANCELLE  92200  NEUILLY  SUR  SEINE  FRANCE 


AGARD  CONFERENCE  PROCEEDINGS  512 


Combat  Aircraft  Noise 

(Le  Bruit  Genere  par  les  Avions  de  Combat) 


Papers  presented  at  the  Propulsion  and  Energetics  Panel 

78th  B  Specialists'  Meeting  held  in  Bonn.  Geimany,  23rd— 25th  October  1991. 


North  Atlantic  Treaty  Organization 
Organisation  du  Traite  de  I’Atlantique  Nord 


15450 

nut  mil  mil  ” 


92 


3?- 


The  Mission  of  AGARD 


According  to  its  Charter,  the  mission  of  AGARD  is  to  bring  together  the  leading  personalities  of  the  NATO  nations  in  the  fields 
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Theme 


The  noise  emission  from  combat  aircraft  is  increasingly  perceived  'jy  the  public  as  a  nuisance,  particularly  in  the  densely 
populated  areas  of  Central  Europe.  Besides  procedural  measures  with  respect  to  military  flight  missions,  it  will  be  necessary  in 
the  fiitute  to  take  other  steps  towards  the  reduction  of  military  flight  noise  at  the  sources  of  the  noise  emission  themselves.  This 
is  also  dictated  by  the  unintenupted  trends  to  higher  military  flight  performance  of  combat  aircraft,  which  is  inevitably 
connected  with  still  higher  noise. 

Other  than  for  civil  aircraft  the  physics  of  noise  gen'rarion  and  reduction  of  military  aircraft  and  propulsion  systems  is  not  well 
understood,  and  one  has  to  admit  the  existence  of  in.portant  gaps  in  our  basic  understanding. 

Despite  this  situation  one  can  think  of  conceivable  technical  measures  towards  noise  reduction  which  concern  on  the  one  hand 
the  propulsion  system  itself  such  as  low  noise  noz2le  concepts  or  noise-reduced  turbomachine  and  afterburner  d»igns.  and  on 
the  other  hand  possibilities  for  reduced  noise  emission  on  a  system  design  level,  sueh  as  non-afterburning  variable  cycle 
propulsion  systems,  aircraft  with  reduced  drag  by  internal  weapon  stores  or  aircraft  with  shielded  noise  sc'urces. 

The  purpose  of  this  meeting  was  to  report  the  present  state  of  knowledge  on  fixed  wing  aircraft  noi.se  emission  and  its  remedies. 

Identification  of  the  main  noise  sources  and  mechanisms  of  noise  generation  and  propagation,  particularly  arising  in  the 
propulsion  system,  and  the  possibilities  for  noise  reduction  was  the  main  fix;us  of  the  meeting. 


Theme 


L'emission  de  bruit  pur  les  aviuns  de  combat  est  de  plus  en  plus  consideree  par  le  public  comnie  une  nuisance,  en  particulier 
dans  les  zones  de  I'Europe  centrale  a  forte  densite  de  population.  En  plus  des  procedures  qu'il  conviendreit  d'adopter  pour  les 
missions  aeriennes  militaires  a  I'avenir.  il  faudra  reduire  le  niveau  de  bruit  a  la  source.  Le  probleme  est  du  resie  agg.ave  par  les 
efforts  soutenus  pour  I'amelioration  des  performances  de  vol  des  avions  de  combat,  amelioration  qi  i  engendre.  inevitablement. 
des  niveaux  de  bruit  toujours  plus  eleves. 

Le  cas  des  avions  civils  mis  a  part,  la  physique  de  la  generation  et  de  la  reduction  du  bruit  des  propulseurs  n'est  pas  encore  bien 
comprise  et  il  existe  d'irnponantes  lacunes  dans  nos  connaissances  de  base  dans  ce  domaine. 

Certaines  mesures  techniques  ont  pourtant  ete  envisage  dans  le  sens  de  la  reduction  du  bruit:  d’une  part  en  ce  qui  concerne  le 
systeme  de  propulsion  lui-meme  avee  les  etudes  de  tuyeres  a  disposilifs  attenuateurs  de  bruit,  ainsi  que  les  turbomachines  et  les 
rechauffes  a  bruit  reduit;  et  d'autre  part  I'examen  des  possibilites  de  reduction  du  bruit  au  niveau  de  la  conception  des  sysiemes. 
avec  des  propulseurs  sans  rechauffe  a  cycle  variable,  la  reduction  de  la  trains  par  I'integradon  de  la  soute  d'armes  et  le  blindage 
des  sources  de  bruit. 

La  reunion  avait  pour  objet  de  presenter  I'etat  de  I'art  sur  les  connaissances  en  matiere  de  bniit  emis  par  les  aeronefs  a  voilure 
fixe  et  d'examiner  les  remMes  envisageables. 

L'accent  etait  mis  sur  I'identification  des  principales  sources  de  bruit,  les  mecanismes  de  generation  et  de  propagation  du  bruit, 
en  particulier  au  sein  des  systemes  de  propulsion,  et  les  differentes  possibilites  en  ce  qui  concerne  la  reduction  du  bruit. 
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sim&Ex 

A  technical  evaluation  is  presented  of  Che  AGARD- 
PEP  Specialists'  Meeting  on  Combat  Aircraft  Noise 
at  Bonn,  October  1991.  The  meeting  concentrated  on 
the  noise  from  combat  aircraft  on  low-altitude 
high-speed  training  missions. 

Considerable  Improvement  was  reported  on  the 
understanding  and  prediction  of  various  noise 
components.  One  of  the  main  conclusions  was  that 
the  overall  effectiveness  of  reduction  of  engine 
based  noise  critically  depends  on  the  airframe 
noise  level  at  high  flight  speeds  and  more  work  is 
required  ^n  this  area  to  clarify  the  situation. 


The  annoyance  of  aircraft  noise  in  the  vicinity  of 
military  airfields  nas  been  reduced  by  operational 
measures  and  by  sound  Insulation  of  dwellings  where 
certain  noise  levels  still  are  exceeded.  The  noise 
situation  around  those  airfields  is  still  of 
concern  but  seems  to  be  more  or  less  accepted. 

In  contrast,  the  noise  from  combat  aircraft  on  low- 
altitude,  high-speed  training  missions  over 
populated  areas  has  led  to  massive  complaints, 
particularly  in  Germany.  This,  and  a  few  accidents, 
led  to  the  decision  that  from  September  1990  all 
flying  below  1000  ft  (300  m)  above  ground  level 
over  Germany  became  forbidden.  The  Luftwaffe  is  now 
carrying  out  its  training  for  low-altitude  flight 
missions  in  Canada.  In  other  European  countries  and 
in  the  U.S.  the  noise  from  low  flying  combat 
aircraft  has  not  led  so  far  to  similar  massive 
public  reactions. 

In  a  number  of  NATO  countries  studies  were 
performed  during  the  last  few  years  specifically  on 
the  noise  from  low  flying  combat  aircraft.  These 
studies  related  to  the  character  of  the  noise 
Impact,  including  the  'startle'  effict,  the 
identification  and  prediction  of  the  various 
contributing  noise  sources  and  their  possible 
reduction  by  technical  measures . 

'The  purpose  of  this  meeting  on  Combat  Aircraft 
NoTsa  was  "to  report  the  present  state  of  knowledge 
on  fixed-wing  aircraft  noise  emissions  and  its 
remedies".  This  scope  is  wider  than  the  noise  from 
low  flying  combat  aircraft  only  and  is  reflected  in 
tie  variety  of  presented  papers,  about  8  of  the  26 
papers  being  of  a  more  general  character. 


Topics  of  these  more  general  papers  were  on  the 
noise  from  an  outdoor  engine  ce.sc  facility  (6) , 
airframe  noise  from  transport  aircraft  (7), 
pressure  fluctuations  in  cavities  (7),  the  sonic 
boom  from  supersonic  aircraft  (12),  fan  noise 
generation  and  reducr'on  (IS),  combustion  noise 
(18),  theory  of  noise  generation  in  subsonic  jets 
(24)  and  supersonic  elliptic  Jets  (20),  experiments 
on  jet  screech  related  to  acoustic  fatigue  problems 
of  the  airframe  (20)  and  the  prospects  of  reducing 
propeller  noise  by  active  control  (29).  Most  of  the 
papers  were  of  good  to  outstanding  quality  However 
the  present  technical  evaluation  will  be  confined 
to  the  noise  from  low  flying  combat  aircraft  at 
high  speed. 


THE  NOISE  ?-R0M  LOW  FLYING  COMBAT  AIRCRAFT 

From  the  meeting  It  emerged  that; 

1)  The  noise  from  low  flying  combat  aircraft 
tends  to  be  no  longer  accepted  by  the  public. 

2)  Its  annoyance  Is  not  only  caused  by  the  high 
noise  levels  but  also  by  Its  unexpected  sudden 
occurrence  ('startle'  effect). 

3)  Analysis  of  recent  flight  test  data  has 
considerably  improved  our  understanding  and 
prediction  of  the  various  noise  components. 

4)  Prospects  for  the  reduction  of  overall  noise 
levels  by  treatment  of  the  engine  '  based 
sources  critically  depend  on  the  airframe 
noise  levels  and  may  thus  range  from  a  few  to 
more  than  10  decibels. 

5)  More  work  Is  required  on  the  contribution  and 
reduction  of  the  airframe  noise  levels  at  high 
flight  speeds  and  their  possible  reduction  and 
on  the  weight  and  performance  penalties  of  jet 
noise  silencer  systems  together  with  their 
consequences  for  operational  flexibility  and 
cost  of  Implementation. 

These  five  Items  will  be  elucidated  briefly  in  the 

following  sections,  each  ending  with  a  concluding 

remark.  Numbers  between  parentheses  refer  to  the 

numbers  cf  the  papers  in  the  proceedings. 


.L.  -Msmmuu 

The  effectiveness  of  air  forces  heavily  depends  on 
their  ability  to  penetrate  through  hostile  air 
defence  environments.  Under  these  conditions  flying 
extremely  low  and  very  fast,  combined  with 
additional  measures  is  the  best  way  to  maximize 
operational  effectiveness  and  sutA'lvability  (1).  To 
be  useful,  training  for  these  conditions  requires 
flying  below  500  ft  (3).  In  fact  an  actual  military 
operation  would  require  a  penetration  at  100  ft 
altitude  and  as  fast  as  possible,  typically  480-600 
kts.  The  present  training  in  Europe  is  already 
compromising  this  situation  by  mostly  flying  at  250 
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ft  altitude  and  420  kts,  with  no  affective  training 
possibilities  In  Germany,  see  the  Introduction.  In 
three  NATO  countries,  Canada,  UK  and  US,  training 
down  to  100  ft  Is  allowed  In  specially  designated 
areas  (3). 

The  philosophy  In  the  UK  Is  to  allow  training  at 
250  ft  throughout  the  country,  except  over  densely 
populated  areas,  in  order  to  spread  the  noise 
burden  as  widely  as  practicable.  It  was  suggested 
that  concentration  of  the  noise  In  a  few  areas  has 
been  at  the  heart  of  the  problems  In  Germany  (3). 

Flight  simulators  could  help  to  a  limited  extent  to 
compensate  for  the  decrease  In  actual  flight 
training  hours  which  tends  to  be  Imposed  by 
budgetary  reasons.  However  for  low  altitude  flights 
the  technology  for  realistic  simulation  is  still 
not  available  and  the  absence  of  physical  danger 
strongly  influences  the  training  results  (2). 

It  was  stressed  that  further  limitations  of  the 
possibilities  for  low  altitude  training  will 
significantly  degrade  the  capability  and 
survivability  of  the  NATO  air  forces  in  an  actual 
wartime  situation  (1).  Tlie  operation  "Desert  Storm" 
where  penetrations  at  night  below  100  ft  were 
performed  with  remarkably  low  losses  of  aircraft 
owed  a  great  deal  of  its  success  to  the  skill  and 
professionalism  of  the  pilots,  acquired  on  low 
altitude  training  missions  in  peace  time  (3). 

Tt  Is  concluded  that  operatioral  measures  to 
significantly  reduce  the  noise  from  low  flying 
combat  aircraft  now  have  virtually  come  to  an  end 
and  technical  measures  at  the  source  are  desired. 


For  many  combat  aircraft  noise  level  data  are  now 
available  relating  to  the  high-speed  fly-over 
situation  at  low  altitude  between  250  ft/75  m  and 
1000  ft/300  m.  These  measurements  were  performed  in 
Germany  (9,27),  France  (10),  the  UK  (22,23)  and  the 
USA  (4). 

As  an  example,  one  configuration  of  a  Tornado 
aircraft  flying  at  an  altitude  of  250  ft  and  420 
kts  generates  n  maximum  level  on  the  ground  of 
around  110  dBA  and  this  increased  at  a  rate  of  1 
dBA  per  10  kts. 

However  it  is  not  only  the  high  noise  level  that 
matters,  but  also  the  onset  rate  as  defined  in  (4) 
and  expressed  in  dBA  per  second.  When  the  Tornado 
flies  over  at  250  ft  altitude  and  420  kts  the  dBA 
level  increases  from  the  background  to  the  peak  at 
a  rate  of  about  30  dB/sec  (27).  At  lower  flight 
altitudes  and  higher  flight  speeds  onset  rates  of 


up  to  90  dBA/sec  ara  possible  (23)  with  potentially 
very  strong  'startle'  effects. 

The  USAF  is  presently  conducting  various  laboratory 
studies  tu  determine  the  key  psychoacoustic 
parameters  associated  with  the  noise  exposure  from 
low-flying  combat  aircraft  (4).  These  suggest  that 
onset  rates'  below  IS  dBA/sec  do  not  Increase  the 
annoyance  while  at  30  dBA/sec  the  penalty  to  be 
added  to  the  Sound  Exposure  Level  is  5  dB.  For 
higher  onset  rates  more  study  is  required  to 
determine  the  penalty.  The  onset  rates  quickly 
diminish  with  lateral  offset. 

Concerning  the  width  of  the  annoyed  area,  in  case 
of  the  Tornado  (2S0  ft/7S  m)  altitude,  460  kts)  the 
corridor  where  80  dB(A)  is  exceeded  is  about  900  a 
wide  (27).  If  the  aircraft  increases  its  flight 
altitude  from  250  ft/7S  m  to  1500  ft/450  m  the 
wld'_.i  of  this  corridor  is  the  same  due  to  the  loss 
in  ground  attenuation.  However  tb»  peak  level  below 
the  aircraft  Is  reduced  by  about  It  dB. 

The  noise  from  low  flying  aircraft  further  differs 
from  the  airfield  environment  situation  by  its 
single  event  character.  In  a  typical  case  90  dBA 
may  be  exceeded  every  4  hours  while  105  dBA  is  only 
exceeded  every  60  hours  (9).  Still  a  10  log  N  event 
factor  seems  to  apply  for  a  few  hundred  or  a  few 
events  per  day  to  calculate  the  Sound  Exposure 
Levels  (4) .  Additional  work  on  prediction  of 
reactions  to  individual  overflights  at  some 
distance  to  the  flight  track  is  underway  (19) 
together  with  how  the  audibility  is  affected  by  the 
terrain. 

With  respect  to  possible  hearing  damage  it  is  not 
the  maximum  dBA  level  that  counts  but  again  the 
Sound  Exposure  Level,  which  Cakes  also  the  exposure 
time  Into  account.  Even  under  the  most  severe 
conditions  with  regular  overflights  of  say  50  per 
day,  of  combat  aircraft  at  250  fC/75  m  altitude, 
hearing  damage  is  very  unlikely  even  after  many 
years  of  exposure  (4) . 

It  is  concluded  Chat  the  sound  levels  from  low 
flying  combat  aircraft  are  now  well  documented.  The 
effect  of  Che  onset  rate  ('startle'  effect)  and  Che 
effect  of  Che  sparse  events  on  human  response  is 
under  study  and  good  progress  is  being  made. 


5  SOURCE  ANALYSIS  AND  PREDICTION 

Until  recently  far  field  diagnostic  measurements 
and  research  on  aircraft  noise  have  been  limited  to 
relatively  low  forward  speeds,  say  Mach  0.35 
because  these  were  aimed  at  take-off  and  climb-out 
situations  (5,7,14)  through  Che  need  to  comply  with 
civil  noise  certification  requirements. 
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For  combat  aircraft  flying  at  high  subsonic  flight 
speeds  no  meaningful  diagnostic  measurements  were 
available  so  far.  The  structured  experimental 
program  of  high  spee.-’  .  light  tests  In  the  UK  (22) 
has  provided  new  understanding.  For  a  Tornado 
aircraft  steady  flights  were  performed  at  different 
power  settings  by  allowing  the  aircraft  to  ascend 
or  descend.  The  aircraft  was  flown  with  a  full 
stores  complement  and  a  45  degree  wing  sweep.  The 
measurements  revealed  the  Importance  of  the  noise 
generated  by  the  air  flowing  past  the  airframe. 
This  airframe  noise  yields  a  significant 
contribution  to  the  dBA  level  in  the  time  before 
overhead  and  to  the  peak  dBA  level  and  it  is 
sometimes  the  dominant  component.  This  was 
concluded  after  adjusting  the  data  to  typical 
conditions  for  horizontal  steady  flight.  Diagnostic 
measurements  of  thla  type  are  mandatory  to  predict 
Che  effect  of  reductions  in  Che  engine  noise  based 
on  Che  overall  noise  of  a  particular  aircraft  and 
configuration. 

Significant  improvement  was  also  reported  on  Che 
prediction  of  Jet  noise  at  high  subsonic  flight 
speeds  (21)  using  fly-over  noise  data  of  four 
different  military  aircraft  (8).  Here  it  was 
assumed  Chat  the  noise  was  dominated  by  the  jet, 
producing  mixing  noise  and  broadband  shock 
associated  noise.  The  latter  occurs  if  Che  Jet  is 
supersonic  and  different  from  the  nozzle  design 
Mach  number,  see  also  (16).  No  conclusive 
indication  for  the  importance  of  airframe  or 
combustion  noise  was  observed  from  Che  frequency 
spectra  In  the  high  flight  speed  cases  examined  In 
(8)  and  (21).  One  of  the  aircraft  was  a  Tornado, 
but  in  a  cleaner  configuration  Chan  Che 
configuration  measured  in  Che  UK  (22).  It  is 
suggested  however  in  (22)  that  the  measured 
airframe  noise  of  Che  Tornado  is  possibly  dominated 
by  Che  wing  trailing  edge  noise  which  should  be  the 
same  for  both  configurations. 

Based  on  Che  noise  data  of  (8)  an  improvement  Co 
Che  classical  SAE  jet  noise  prediction  method  was 
developed  (21).  This  should  considerably  improve 
the  prediction  accuracy  for  high  .speed  flight 
conditions,  the  difference  with  the  measured  fly¬ 
over  levels  being  generally  less  chan  2  dP . 
Differences  with  the  earlier  SAE  method  amount  up 
to  10  dB. 

The  method  contains  an  empirical  factor  cTj  which 
describes  Che  increase  of  the  turbulence  in  the  jet 
due  to  flight,  for  Instance  due  to  the  effect  of 
the  boundary  layer  from  the  rear  fuselage.  The 
measurements  cf  (22)  showed  some  10  dB  difference 
between  Che  "Installed"  Jet  noise  level  and  a 
prediction  which  includes  the  effect  of  forward 
speed  (ESDU-mechod) .  This  may  be  attributed  to  Che 
same  phenomenon.  More  analysis  is  required  Co  sort 
out  the  role  of  Oj  and  the  mixing  process  in  Che 
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Jet  as  affected  by  Che  flow  around  the  afCecbody. 
In  addition,  Che  twin  nozzle  configuration  of  ^e 
Tornado  may  show  additional  phenomena  compared  to  a 
single  Jet  and  could  possibly  also  affect  the 
airframe  noise  phenomena  in  that  area  (22). 

It  la  concluded  that  targetCed  research  is  required 
to  establish  the  level  of  airframe  noise  in  a 
specific  situation.  This  question  remains  a 
critical  issue  as  benefits  from  jet  noise  reduction 
may  well  bottom  on  the  airframe  noise  floor  at  high 
speed  flight  conditions.  A  considerable  improvement 
of  che  prediction  of  jet  noise  at  high  speed  flight 
conditions  was  presented  u-c  questions  concerning 
installation  effects  still  remain. 


6  PROSPECTS  FOP.  NOISE  SOURCE  REDUCTION 

A  number  of  papers  (5,14,15,28)  reviewed  che 
various  options  for  jet  mise  silencing.  Most  of 
these  referred  to  techniques  developed  for  Che 
earlier  subsonic  jet  transport  aircraft  with  low 
bypass  ratio  engines  and  the  Concorde  supersonic 
transport.  The  best  suppressor  nozzles  at  that 
time,  offering  significant  reductions,  show  a 
trade-off  of  about  0,5  percent  loss  in  gross  thrust 
for  each  dB  jet  noise  reduction  (14)  together  with 
an  increase  in  all-up  weight. 

The  Concorde  aircraft  has  engine  exhaust  conditions 
similar  to  combat  aircraft.  In  spite  of  on 
extensive  research  programme  no  simple  universal 
Jet  noise  silencer  was  found.  Some  silencers 
developed  on  static  ground  test  rigs  were  found  to 
be  ineffective  in  flight  and  were  discarded  (4). 
For  reduction  of  che  fly-over  noise  increasing  che 
area  of  che  primary  nozzle  combined  wich  che  power 
cuC-back  procedure  proved  co  be  effeccive  in 
reducing  Che  jec  noise  by  some  5  EPNdB  (5). 

Squeezing  of  Che  Jec  in  one  direccion  as  used  by 
Concorde  (5)  (14)  or  by  using  elllpcic  nozzles  (16) 
may  reduce  che  noise  from  supersonic  Jets  in  the 
region  around  che  major  axis.  For  elllpcic  nczzles 
static  tests  showed  reductions  of  6  Co  7  PNdB  along 
Che  major  axis  wich  little  impact  on  performance 
(16). 

All  this  work  however  related  to  Che  reduction  of 
Jec  noise  at  cake -off  and  climb  conditions  and  not 
to  high  subsonic  cruise  flight.  For  the  latter 
conditions  che  crade-off  between  Jet  noise 
reduction  and  performance  losses  is  not  yet  known. 

For  the  present  problem  of  jet  noise  reduction  for 
low-altitude  high-speed  combat  aircraft  missions, 
the  simplest  option  seems  to  be  to  open  up  che 
engine  exhaust  nozzle,  providing  che  same  thrust 
with  increased  mass  flow  but  with  lower  jec 
velocity  and  noise.  This  procedure  is  likely  to 


Increaaa  the  specific  fuel  consuapcion  and  cause 
Che  engine  Co  operate  closer  Co  its  limits  (e.g. 
shaft  speed,  choking  of  bypass  duct) . 

For  Che  Tornado  aircraft  details  were  presented  how 
this  option  might  work  out  (26,27).  For  Che  low 
weight,  clean  configuration  a  reduction  in  the  jet 
noise  of  about  S  dBA  is  predicted  at  Mach  0.7  by 
opening  up  Che  nozzle.  It  is  estimated  that  Che 
aircraft  fuel  consumption  will  hardly  be  affected 
in  this  case  because  the  increase  In  specific  fuel 
consumption  will  be  compensated  by  lower  intake  and 
afterbody  drag.  However  for  the  heavy  weight 
aircraft,  a  higher  power  setting  is  required  and 
the  nozzle  cannot  be  opened  very  much  without 
exceeding  Che  engine  limits. 

This  has  led  Co  a  proposal  for  flying  low  altitude 
training  flights  of  the  Tornado  in  a  clean  low- 
weight  configuration  only.  Combined  with  an  open 
nozzle  this  might  lead  to  a  noise  reduction  of  8 
dBA  compared  Co  Che  standard  configuration  (27), 
assuming  that  the  Jet  noise  reduction  does  not 
bottom  on  Che  airframe  noise  floor  of  the  clean 
configuration.  Modification  of  the  nozzle  control 
schedule  requires  only  a  software  change  in  Che 
engine  control  unit.  More  drastic  measures  like  a 
proposal  for  a  low  noise  training  version  of  the 
Tornado  with  an  ejector  silencer  nozzle  (27),  need 
to  be  considered  very  cautiously,  with  all  Che 
issues  addressed. 

Besides,  for  low-altitude  high-speed  overflights 
not  only  the  maximum  dB(A)  level  is  important  but 
also  the  'startle'  effect,  caused  by  the  high  ons-jt 
races.  An  interesting,  but  maybe  fancy,  possibility 
for  reducing  this  'startle'  effect  was  identified 
in  (22).  It  w.-<s  suggested  to  decrease  the  onset 
rate  by  adding  a  powerful  sound  source,  radiating 
in  the  forward  arc  and  serving  as  a  warning  device. 

It  1?  concluded  that  for  the  reduction  of  the  noise 
from  Che  present  combat  aircraft,  flying  low- 
altitude  training  missions,  opening  up  of  the 
exhaust  nozzle  and  a  clean  configuration  whenever 
possible  is  the  first  thing  to  consider.  For  more 
drastic  measures  liV:e  suppressor  nozzles  Che 
effects  on  weight,  performance  and  operational 
flexibility  should  be  evaluated  carefully.  The 
airframe  noise  floor  is  likely  to  be  of  critical 
importance . 
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Vary  usaful  work  has  been  dona  recently  to  get  a 
better  picture  on  the  possibilities  for  reduction 
of  the  noise  from  low  flying  combat  aircraft.  Mora 
work  Is  required  on  the  assessment  of  the  airframe 
noise  levels  and  their  possible  source  reductions. 
Furthermore,  not  only  more  Information  Is  required 
on  the  weight  and  performance  penalties  of  Jet 
noise  silencer  systems  at  these  high  flight  speeds, 
but  also  their  effects  on  multi 'mission 
flexibility,  logistics  and  cost  as  these  aspects 
have  been  Identified  as  possible  show  stoppers. 

For  moderate  noise  reductions  by  changing  the 
nozzle  schedule,  discussions  with  the  operators 
should  be  continued. 

For  significant  reductions  of  the  noise  from  low 
flying  combat  aircraft  at  high  speed,  while 
retaining  their  mission  capability,  the  prospects 
are  presently  unclear. 

In  response  to  the  public  concern  and  the  need  for 
military  alertness,  further  work  should  be 
performed  along  the  line?  Identified  by  this 
specialists'  meeting.  Then  It  can  Justifiably  be 
argued  that  all  reasonable  measures  have  been 
pursued  to  the  end.  In  order  to  minimize  the  noise 
from  low  flying,  high  performance  combat  aircraft, 
without  sacrificing  their  operational  capabilities. 
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Summary 

Deterrenoe  potential  of  Air  Forces  and  by 
that  the  capability  to  fulfil  their  mis¬ 
sion  In  times  of  war,  rests  to  a  high 
degree  with  a  threat  oriented  training  in 
peacetime. 

Low  level  flying  la  a  major  tactical  means 
to  help  aircrews  reduce  the  anticipated 
threat  Imposed  to  them  by  enemy  air  Cefen- 
oe  aystems  to  an  acceptable  degree.  The 
demand  for  this  capability  applies  also  to 
air  defence  tasks  against  attacking  figh¬ 
ter  bombers. 

Military  low  level  flying  requires  a  high 
degree  of  proficiency,  only  to  be  reached 
and  maintained  by  constant  training.  A 
high  performance  level  la  than  the  key  ‘•,0 
air  power. 

The  possibilities  for  this  kind  of  neces¬ 
sary  training  are  restricted  by  superior 
demands  concerning,  amongst  others,  flying 
safety  and  environmental  reasons. 

Too  Intensive  restrictions  might  reduce 
the  righting  capability  of  the  wings  to 
such  an  extent,  that  mission  fulfilment 
could  be  seriously  endangered. 


1  Introduction 


In  all  political  endeavors  to  prevent  war 
such  as 

-  disarmament, 

-  relaxation  of  tensions, 

-  Improvement  of  cccr.cslu  relations, 

-  reduction  of  confrontation  and 

-  confidence  building  meacures, 

armed  forces  do  continue  to  play  an  Impor¬ 
tant  role.  This  Is  In  accordance  with  the 
strategy  of  NATO  alliance  directed  to 
prevent  war  by  deterrenoe  and  by  the 
capability  to  defend  against  aggression. 

Because  of  their  special  characteristics, 
such  as  range,  speed  and  by  their  capabi¬ 
lity  to  concentrate  fire  power,  air  forces 
are  particularly  suited  to  prevent  surpri¬ 
se  and  to  respond  rapidly  and  effectively. 
Deterrence  potential  of  Air  Forces,  l.e. 
their  capability  to  fulfil  their  missions 
In  times  of  tension  and  war,  rests  to  a 
high  degree  with  an  efficient,  threat 
oriented  training  In  peacetime. 

The  density  of  air  defence  systems  likely 
to  be  expected  anywhere  In  well  armed 
countries  do  pose  significant  potential 
threats  and  must  be  considered  In  any  risk 
assessment . 
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The  effectiveness  of  air  forces  heavily 
depends  on  their  penetration  ability 
through  hostile  air  defence  environment. 
Despite  the  Improvement  of  ground  based 
air  defense  weapon  and  the  rising  number 
of  aircraft  with  look-down/shoot-down 
capabilities,  air  to  ground  weapon/systeras 
must  be  able  to  fly  very  fast  and  very  low 
In  order  to  shorten  reaction  time  availab¬ 
le  to  enemy  air  defence  as  well  as  to 
escape  detection  and  engagement. 

For  the  near  future  many  alr-dellvered 
weapons  will  continue  to  be  limited  to 
llne-of-slght  operations.  Weapons  which  do 
meet  key  parameters  like 

-  stand  off  capability 

-  adaptability 

-  versatility 

-  precision  (to  minimise  collateral 
damage) 

-  reliability 

-  maintainability 

are  all  very  costly.  Therefore  present 
air-to-ground  weapons  held  In  stock  will 
continue  to  Influence  delivery  tactics  for 
the  Immediate  future. 

Flying  extremely  low  and  very  fast  com¬ 
bined  with  additional  measures  like 
Jinking,  cerraln  masking,  dropping  chaff 
and  flares  and  using  the  onboard  electro¬ 
nic  counter  measure  equipment  results  In 
a  high  degree  of  survivability  and  opera¬ 
tional  effectlness  which  Is  unattainable 
by  any  other  manner  of  operation  under 
present  conditions. 

In  other  terms,  flight  crews  must  be 
enabled  not  only  to  fly  aircraft  at  alti¬ 
tudes  of  100  feet  but  also  to  perform 
their  wartime  mission. 

In  order  to  meet  the  standard  aircrews 
require  a  high  degree  of  proficiency,  only 
to  be  reached  and  maintained  by  continued 
training.  The  amount  and  frequency  of  low- 
level  flying  training  Is  dependent  on  a 
number  of  Important  factors,  such  as 
aircrew  experience  level,  aircraft  type, 
role  and  operating  area  and  topographical 
conditions . 

Complete  confidence  In  all  aspects  of  low 
level  flying  and  a  high  level  of  competen¬ 
ce  In  tactical  operations  can  only  be 
achieved  If  aircrews  have  enough  opportu¬ 
nities  to  train  their  wartime  missions 
already  In  peacetime. 

Restrictions  on  low  flying  training  oppor¬ 
tunities  at  realistic  heights  and  speeds 
have  already  resulted  In  a  decline  In  the 
ability  of  flying  personnel.  Thus,  If  NATO 
air  forces  are  to  meet  the  operational 
demands.  It  Is  essential  that  each  nation 
levelops  training  programmes  which 
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ensura  a  high  degree  of  competence  and 
combat  efTectlveneaa  for  aircrews.  Based 
on  current  ACE  FORCES  STANDARDS  the  Luft¬ 
waffe  has  designed  a  threat  orientated 
TACTICAL  COMBAT  TRAINIMO  PROGRAM  (TCTP)  to 
achieve  the  required  operational  readiness 
and  effectiveness  of  their  aircrews  within 
Its  operational  wings.  It  contains  guide¬ 
lines  and  annual  minimum  requirements  for 
the  tactical  training' of  aircrews,  having 
successfully  completed  the  Initial  weapon 
system  training.  It  can  be  used  to  assess 
the  tralnlng/combat  capabilities  of  the 
Individual  aircrew  as  well  as  the  combat 
status  of  whole  squadrons  or  wings. 

At  the  same  time  the  TCTP  serves  as  an 
administrative  vehicle  for  data  collection 
and  reporting  tc  facilitate  effective  con¬ 
trol  over  the  training  standards  within 
the  wings  and  by  superior  Headquarters. 

Type  and  number  of  the  required  tactical 
missions  and  events  reflect  the  national 
Ideas  on  how  to  optimize  operational 
training  within  the  limitations  and  re¬ 
strictions  Imposed  by  material,  money  and 
environment. 


2  Structure  of  the  Tactical  Training 
I*rogram  (TCTP) 

Basically,  the  TCTP  for  flying  units  Is 
structured  Into  the  following  areas: 

A  Qeneral 

General  requirements  for  flying  units 
like  flying  hour  calculations  and  areas 
of  special  emphasis  or  Interest. 

B  Tactical 

Governs  the  tactical  training  require¬ 
ments  In  terms  of  missions,  events  and 
runs  according  to  weapon  system  and  role. 

C  Theory 

Lays  out  the  required  lessons,  which  have 
to  be  covered  during  each  year.  The 
lessons  encompass  areas  like 

-  aerial  tactics 

-  weapons  and  sensors 

-  ground  tactics 

-  Intelligence 

-  aircraft  compontents  and  procedures 

-  flying  safety  and 

-  electronic  warfare. 

D  Qualifications 

Describes  the  weapons  qualification 

criteria  for  all  types  of  aircraft  and 

roles 

E  Combat  Status 

Contains  detailed  Instructions,  how  each 
specific  operational  status  of  the  Indi¬ 
vidual  crew  members  have  to  be  achieved, 
tested  and  maintained. 

G  Reporting 

Covers  In  detail  the  upline  reporting. 
Basically  quarterly  results  are  to  be 
forwarded  to  the  headquarters  containing 
all  pertinent  Information  on  flying 
hours,  percentage  of  missions  and  events 
flown,  and  special  problems  encountered. 


3  General  Flying  Program 

The  annual  minimum  flying  time  per  squadron 
crew  members  Is  set  at  I80  hours,  for  crew 
member  assigned  to  staff  positions 
90  hours,  and  crews  In  currency  status  (war 
reserve  crews)  70  hours,  which  Is  as  well 
the  minimum  for  any  pilot  holding  an  In¬ 
strument  rating.  Within  this  program  mini¬ 
mum  requirements  are  set  to  ensuro  safe 
aircraft  handling  In  Visual  and  Instrument 
Meteorological  Conditions  at  day  and  at 
night;  e.g.  simulator  training.  Instrument 
and  formation  flying,  flights  at  aerodyna¬ 
mical  and  structural  limits  of  the  aircraft 
such  as  high  performance  maneuvers,  air¬ 
craft  handling  characteristics  and  confi¬ 
dence  maneuvers,  as  well  as  long  range 
navigation  flights. 


4  Tactical  Training  Program 

The  tactical  training  program  Is  structured 
as  close  as  possible  to  the  operational 
requirements  deducted  from  the  threat  po¬ 
tential  posed  by  countries  outside  NATO 
territory.  Nevertheless,  the  program  always 
had  to  bo  a  compromise  because  of  the 
numerous  peacetime  limitations  caused  by 
flying  safety,  financial  and  environmental 
constraints  Including  noise  abatement 
procedures. 

Despite  these  limitations  the  Luftwaffe 
considers  the  tactical  training  program  to 
be  sufficient  realistically  structured  to 
enhance  mission  orientated  training. 

To  get  the  beat  efficiency  out  of  the 
available  sorties,  several  tactical  events 
have  to  be  combined  In  one  operational 
training  mission,  which  -  whenever  possib¬ 
le  -  should  be  embedded  In  a  tactical  sce¬ 
nario.  The  training  program  puts  special 
emphasis  on  this  aspect  and  reflects  this 
requirement  for  combat-oriented  training  In 
a  high  number  of  equivalent  combat  missions 
to  be  flown  per  year. 

The  Luftwaffe  seekeo  for  different  ways  In 
minimizing  this  noise  burden: 


5  Training  outside  Germany 

Permanent  tactical  training  facilities  are 
established  at  DECIMOMANNU/Italy ,  BEJA/ 
Portugal  and  GOOSE  BAI/Canada. 

At  these  facilities  we  conduct  an  essen¬ 
tial  part  of  our  tactical  training. 


5.1  DECIMOMANHq 

The  training  facility  in  DECIMOMANNU  which 
Is  mainly  shared  by  Germany,  Italy,  r-lt'-i 
Kingdom  and  USA,  Is  primarily  used  for  air/ 
ground  gunnery,  life  alr-to-alr-f Irlng  and 
for  air  combat  training  In  the  Air  Combat 
Maneouverlng  Installation  (ACMI),  a 
computerized  Instrumented  range,  which 
allows  replay  and  assessment  of  all  tacti¬ 
cal  movements  and  simulated  weapons  dellve- 


rles.  All  our  TORNADO  and  P-AP  winga  are 
detached  with  about  22  aircraft  for  an 
average  of  6  weeka/year. 


5.2  BEJA 

At  BEJA  we  have  a  permanent  detachment 
equipped  with  own  ALPHA  JETa,  so  that 
training  la  done  there  on  a  personnel- 
exchange  basis  by  the  ALPHA  JET  winga. 
Additional  deployments  to  Beja  are  con¬ 
ducted  by  reconnaissance  wings. 

The  main  training  embraces  air-to-ground 
weapons  delivery  and  tactical  low  level 
flying  down  to  250  feet  Above  Ground 
Level  (AGL). 

5.3  GOOSE  BAY 

Most  Important  for  our  tactical  training 
la  the  training  center  at  GOOSE  BAY, 
because  there  our  crews  can  extensively 
be  trained  In  lowest  level  flying  down  to 
100  feet  AGL.  Attacks  on  tactical  targets 
with  delivery  of  training  weapons  are 
also  Included.  Another  big  advantage  Is 
the  fact,  that  there  are  always  two 
different  tactical  aircraft  types  (e.g. 
TORNADO  and  P-U  or  Royal  Netherland  Air 
Porce  P-16)  In  GOOSE  BAY  at  the  same 
time.  This  facilitates  extensive  combined 
training,  either  together  In  combined  air 
operations  or  against  each  other  In 
attacker/defender  roles. 

Our  wings  deploy  to  GOOSE  BAY  either  by 
alr-to -alr-refuelllng  direct  or,  as 
generally  for  the  ALPHA  JET,  with  "Island 
hopping"  via  Scotland  -  Iceland  -  Green¬ 
land. 


5.  A  Assessment 

All  together,  the  external  training  faci¬ 
lities  contribute  essentially  to  the 
fulfilment  of  the  tactical  training  pro¬ 
gram: 

-  About  50  %  of  the  weapons  qualification 
and 

-  25  J  of  the  low  flying  program  is 
achieved  there,  but  -  more  Important 

-  100  %  of  the  essential  lowest  level 
flying  and 

-  100  %  of  the  high  quality  air  combat 
training  In  the  ACMI  la  conducted  at 
these  facilities. 

We  know,  that  this  training  would  be  more 
beneficial  If  done  In  a  probable  combat 
area,  but  with  todays  peacetime  restric¬ 
tions  all  over  In  Europe  we  wouldn't  be 
able  to  conduct  these  essential  training 
parts  at  all. 

Besides  the  transfer  of  tactical  flying 
to  unpopulated  or  rare  populated  areas  - 
which  Is  not  a  new  subject  for  the  German 
Air  Force,  since  almost  from  the  very 
beginning,  parts  of  the  gunnery  training 
was  shlfteo  to  DECIMOMANNU  -  some  other 
ways  for  further  noise  relief  of  the 
environment  and  society  were  called  Into 
being  at  home. 


6  Environmental  Constraints  In  Germany 

The  airspace  overhead  Germany  Is  very 
crowded  looking  at  the  following  figures 
(1990): 

.  Annually  a  total  number  of  about 
5.200.000  flights 

.  83  t  associated  to  civil  aviation 
.  17  t  (875.000)  to  military  aviation 
.  Prom  these  17  *  or  875.000  military 
flights  a  total  number  of  about  .A2.000 
hours  were  flown  as  low-level-flights 
.  13.500  hours  of  these  by  the  Luftwaffe 
and 

.  28.500  hours  by  the  Allies. 


6.1  Annual  Noon  Break 

Prom  May  until  October  low-level  flying  Is 
prohibited  between  12.30  and  13.30  local 
time,  not  to  mention  the  fact  that  the 
low-level  flying  Is  generally  restricted 
to  a  certain  time  frame  which  lasts  from 
7  o'clock  a.m.  to  5  o'clock  p.m. 


6.2  Night  Low  Level 

Nlte-low-level  flying  is  restricted  to  a 
minimum  altitude  of  1000'  AQL  up  to 
72  o'clock  p.m. 

All  nlte-flylng-route-systems  are  posi¬ 
tioned  so,  as  to  avoid  dense  populated 
areas.  This  fact  holds  also  true  for  low- 
level  flying  In  general. 


6.3  Avoidance  of  Dense  Populated  Areas 

Dense  populated  areas,  e.g.  towns  with 
more  than  100.000  Inhabitants  are  to  be 
avoided  or  overflown  at  an  altitude  of 
minimum  1.500'  AOL. 


6. A  Maximum  Low  Level  Speed 

In  general  the  maximum  flying  speed  over 
Germany  Is  restricted  to  subsonic  ( .96 
Mach)  between  10.000'  -  38.000',  whereas 
supersonli.  flights  have  to  be  flown  above 
38.000  feet.  The  maximum  low  level  flying 
speed  was  recently  reduced  to  A20  KIAS 
(5A0  KIAS  only  during  the  attack  phase), 
and  the  use  of  afterburner  is  prohibited 
at  altitudes  below  3000'  AOL  unless  for 
take-off  and  landing  (go  arounds)  or 
dictated  by  flying  safety. 

The  report  of  the  assembly  of  the  WEU  on 
"The  future  of  low  flying"  published  In 
April  1991  states: 

"The  reduction  to  A20  KIAS  means  where 
noise  Is  concerned: 

-  the  lower  engine  speed  greatly  reduces 
the  noise  emitted  -  by  up  to  25  %,  de¬ 
pending  on  the  type  of  aircraft.  Peak 
noise  levels  considered  critical  In 
research  on  aircraft  noise  are  not  as  a 
rule  reached  at  this  speed. 

-  owing  to  Its  lower  soeed,  the  aircraft's 
appearance  Is  less  '’f  a  surprise.  The 
shock  Is  greatly  reduced,  and  the  audi¬ 
tory  system  is  better  able  to  adjust  to 
the  volume  of  noise." 
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This  meaaure  undoubtedly  having  some 
positive  erfects  on  the  envlronmantal 
Impact  of  low  flying  Jet  operations  has 
considerably  degraded  the  operational 
capablllty/flexlblllty  of  combat  aircraft 
operating  In  the  low  level  environment. 
Any  further  restriction  In  the  operating 
speed  would  adversely  effect  flying 
safety. 


6,5  Alr-to-Alr  Training 

Low  altitude  Interception  training  la 
carried  out  at  altitudes  of  1.000-1.500* 
AGL.  As  several  high  powered  alrecraft 
are  normally  simultaneously  present  In  a 
small  area  for  a  fairly  long  time  In  this 
type  of  training,  the  noise  level  and 
stress  are  particularly  high  because  of 
frequency  of  overflights  at  high  air¬ 
speeds.  With  the  advance  of  pulse  doppler 
radar  this  training  can  be  Increasingly 
carried  out  at  altitudes  above  1.500', 
weather  conditions  permitting.  Installa¬ 
tion  of  pulae-doppler-radar  In  Luftwaffe 
aircraft  will  begin  In  1992. 

Onllke  low  altitude  Interceptions,  areal 
combat  training  over  land  la  always 
carried  out  at  altitudes  above  10.000* 
AQL.  In  the  future  86  %  of  German  air 
Force  training  of  this  kind  will  be  per¬ 
formed  over  the  sea  or  abroad,  leaving 
only  14  1  over  Germany. 


6.6  Low  Level  Attack  Profile 

In  the  sixties  and  seventies  low  level 
flying  was  timewise  not  restricted. 

About  1980  the  maximum  low-level-flylng- 
tlme  was  restricted  to  50  minutes  per 
sortie.  Then  some  years  later  the  attack 
phase,  when  flown  In  the  250*  low-level- 
areas  was  limited  to  about  90  seconds; 
this  Is  between  Initial  attack  point  and 
target. 

Effective  17  September  1990  all  low 
flying  below  1.000*  AGL  over  Germany  was 
banned.  This  contributed  on  one  side  to  a 
noticeable  reduction  of  the  environmen¬ 
tal  Impact  caused  by  fast  flying  Jet  air¬ 
craft,  but  as  well  changed  the  training 
capabilities  In  Germany  to  an  extent, 
that  realistic  low  level  combat  training 
nearly  became  Impossible.  This  develop¬ 
ment  was  further  aggrevated  by  tlie  fact, 
that  all  neighbouring  allies  as  -ell 
prohibited  low  level  flying  belov  1.000* 
for  Luftwaffe  Jet  aircraft. 

However,  now  as  before  low  level  flying 
Is  the  most  effective  possibility,  to 
secure  survivability  and  fighting  capa¬ 
bility  to  a  satisfactory  extent. 

In  the  meantime,  some  exemptions  have 
been  authorized  In  Germany  for  flights 
below  1.000*  AGL,  providing  some  oppor¬ 
tunities  on  a  case  by  case  basis  at  or 
above  500*  AGL  for  the  NATO  Tactical 
Leadership  Programme  stationed  at 
Plorennes,  Belgium  and  down  to  250*  AGL 
for  our  ALPHA  JET  squadron  holding  an  ACE 
Mobile  Force  assignment. 


7  Low  Level  Flying  Manamgenet  Systems 

The  Luftwaffe  Is  presently  testing  a 
computer  assisted  Low  Level  Plying  Mana¬ 
gement  System  for  all  low  level  flight 
operations  of  Its  units.  At  present  this 
system  Is  capable  of  recording  and  de¬ 
picting  low  altitude  movements  with  the 
aid  of  the  flight  plan  data  Inputs  by  the 
operational  squadrons.  Concentrations  both 
on  Individual  days  and  over  longer  periods 
can  be  analysed  and  recommendations  for 
mission  planning  can  be  Issued.  Weekly 
"LOW  PLYING  DIRECTIVES"  are  dlsslmlnated 
to  all  units  concerned  at  present. 

As  soon  as  this  system  Is  fully  operatio¬ 
nal  timely  adjustments  to  the  dally  low 
flying  operations  can  be  achieved  to  avoid 
areas  of  high  traffic  density  and  by  this 
lower  the  noise  level  and  reduce  the  risk 
of  collisions,  thus  further  Improving  air 
safety. 

The  aim  Is  to  Incorporate  all  airspace 
users  In  this  system. 

A  further  step  ahead  would  be  a  NATO-wide 
airspace  coordination  system  to  provide 
sufficient  training  airspace  by  minimizing 
environmental  Inpacts. 


8  Summary 

As  you  are  well  aware,  all  these  self Im¬ 
posed  restrictions,  their  disciplined 
utilization  by  our  aircrews  and  last  but 
not  least  the  use  of  the  technical  Im¬ 
proved  simulators  could  not  prevent,  that 
military  flying  and  especially  the  noise 
Intensive  low  level  flying  has  become  In 
the  past  a  leading  Issue  *n  public  and 
political  discussions. 

However,  no  current  developments  Indicate 
that  low-altitude  operations  can  be 
completely  abandoned  In  the  near  or  even 
distant  future,  unless  roles  are  reallo¬ 
cated. 

Operational  measures  to  reduce  the  noise 
caused  by  low-altitude  flying  In  the  short 
term  may,  however,  be  Joined  In  the  medium 
term  by  a  number  of  technical  measures 
that  can  be  taken  on  equipment  already  In 
use.  For  the  most  part  they  consist  of 
modifications  to  the  source  of  noise  It¬ 
self,  e.g.  the  aircraft  or  Its  engines. 

Specifically,  they  may  consist  of  changes 
In  configuration  leading  to  reduced  air 
resistance  and  thus  to  reduced  engine 
thrust  requirements,  or  changes  to  the 
engine  Itself,  ranging  from  the  removal  of 
the  afterburner  through  the  use  of  sound 
absorbers  to  the  development  of  new  Jet 
designs. 

As  the  political  situation  In  Central 
Europe  has  changed,  the  reunion  of  Germany 
being  executed  and  the  Warszawa  Pact  being 
cracked,  the  Increase  of  low  level  flying 
minimum  altitude  of  military  Jet  to  a 
height  of  1000*  AGL  the  TCTP  had  to  be  re- 
tallored,  to  try  to  maintain  the  required 
skills  and  fullfll  the  requirements  for 
the  necessary  states  of  readiness  In  the 
future.  However,  subatltus  for  the  low 
level  parts  are  presently  not  In  sight. 


All  tha  nentloned  llaltatlona  In  Europe 
definitely  deoreaee  the  nolae  problem 
caused  by  low  level  fast  flying  Jet  air¬ 
craft  but  as  well  dramatically  degrade  the 
combat  training  of  the  aircrews  to  an 
extent,  that  the  required  combat  capabili¬ 
ty  Is  at  stake. 


There  are  signs  of  technological  and 
conceptual  developments  which  are  likely 
to  have  positive  Implications  In  the 
future  on  tactical  operational  concepts 
and  overall  strategy  and  so  not  least  on 
the  nature  and  scale  of  low-altitude 
flying  with  the  associated  noise  problem. 


Discussion 


QUESTION  BY:  G.  Ulnterfeld,  DLR,  Geraar.y 

The  figures  on  low-level  flying  hours  executed  by  the  NATO 
Air  Force  given  in  your  paper  concern  the  former  western  part 
of  Germany.  Since  one  year  we  have  to  worry  also  about  its 
eastem  part.  Can  you  give  some  figures  for  the  low-level 
flying  hours  executed  by  the  Russian  or  Warsaw  Pact  Air  Force 
over  Eastern  Germany? 

Are  there  similar  altitude  limitations  for  low  level  flying 
in  Eastem-Germany? 

AUTHOR'S  RESPONSE: 

Presently  only  the  1990  figures  are  available.  USSR  aircraft 
did  fly  approximately  a  total  number  of  168.000  hours.  Round 
about  42.000  hours  were  flown  in  lower  altitude  (min. 
altitude  2000  feet  Above  Ground  Level) 

In  1991  only  very  limited  low  level  flying  was  done  by  USSR 
military  aircraft.  Since  02  Sept.  1991  Luftwaffe  also  flies 
low  level  sorties  in  the  new  BundeslAnder  with  10  sorties  per 
day  at  altitudes  of  1000  feet  AGL- 

QUESTION  BY:  W.B.  de  Wolf.  NLR,  The  Netherlands 

Could  you  comment  on  the  difference  between  the  training 
environment  in  Goose  Bay  and  in  a  highly  populated 
industrialized  area  with  e.g.  chimneys  and  electricity  lines? 

AUTHOR'S  RESPONSE: 

At  100  feet  there  is  not  much  difference  between  high  trees 
and  Industry  chimneys.  Topographically  the  northern  training 
area  of  Goose  Bay  has  a  lot  of  valleys  which  do  allow  good 
training  for  terrain  masking  flights.  In  a  broad  sense 
wherever  we  can  fly  lower  than  1000  feet  (present  restriction 
in  most  European  countries)  it  increases  combat  efficiency  of 
our  aircrews. 

QUESTION  BY:  G.  Krlshnappa,  National  Research  Council,  Canada 

You  showed  in  your  diagram  the  peak  noise  complaint  during 
1990  and  also  a  steady  increase  of  noise  complaints  over  the 
years.  Is  it  because  of  the  increase  in  the  number  of  flights 
or  due  to  higher  sensitivity  to  noise  among  the  population? 

AUTHOR'S  RESPONSE: 

'  Fact  is,  already  briefed,  chat  the  amount  of  military  low 

level  flying  was  already  decreasing  in  Che  mentioned  time 
frame.  My  personal  opinion  is  Chat  Che  rise  in  noise 
.  complaints  is  a  result  of  an  increased  sensitivity  of  the 
German  population.  Another  reason  could  be  seen  in  Che  fact 
that  in  the  time  prior  to  GE  government  election  (02  Dec.  90) 
noise  -created  by  low  flying  military  jet  aircraft-  was  one 
of  Che  important  preelection  topics. 
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I.  Summary  AGENDA 

Training  ia  the  most  important  task  of  I.  Susmary 

our  Air  Force  in  peacetime  and  Simula-  XI.  Introduction 

tion  must  bo  seen  as  an  integral  part  m.  conditions  and  Influencing  Factors 

of  it.  IV.  status  of  Flight  simulation 

V.  Objectives  of  German  Air  Force 

The  rapid  progress  made  In  improving  VI.  Potential  and  Trends 

and  advancing  simulation  techniques  VII.  RequiresMnts 

leads  to  a  broader  use  of  simulation  VIII.  Perspectives 

In  combat  alrcrev  training. 


Pilots  concern  about  reduction  in  fly¬ 
ing  hours  in  exchange  for  simulation 
missions  has  changed  somewhat  due  to 
the  fact  that  the  total  annual  flying 
hours  were  reduced  anyway  and  low 
I  level  flying  was  restricted  to  300 
meters  AGL  without  having  any  adequate 
substitute. 

'Simulators  are  therefore  more  and  more 
accepted  as  a  necessary  add-on  for 
optimum  combat  proficiency  training 
in  which  the  simulator  training  por¬ 
tion  will  have  to  grow  to  approximate¬ 
ly  30  to  3S  percent  of  the  future  live 
flying  training  progr2un. 

The  German  Air  Force  has  used  simula- 
itors  for  all  types  of  aircraft  for 
many  years  and  managed  to  install  one 
special-to-aircraf t  type  simulator  in 
‘every  wing.  The  experience  gained 
with  those  systems  should  be  investi- 
jgated  thoroughly  to  improve  our  know- 
jledge  of  the  possible  application  of 
simulators  in  combat  training. 

But  before  we  identify  the  principle 
Interrelationships  and  longterm  per¬ 
spectives  in  a  new  training  and  simu¬ 
lation  concept,  we  should  collect  all 
available  data  and  analyse  the  finding 
from  the  evaluation  and  flight  testing 
of  the  ongoing  TORNADO  simulator  up¬ 
grade  program. 

We  should  identify  the  shortfalls  and 
Initiate  the  neccessary  follow  on 
program  and  improve  first  the  proto¬ 
type  simulator  before  we  come  to  any 
decision  for  the  simulators  In  our 
TORNADO  wings. 

Urged  by  our  politicians  we  have  pro¬ 
bably  asked  for  too  much  too  early. 

Let  me  finally  quote  a  NATO  paper  on 
lessons  learned  from  the  Golf  War: 
"Pilot  training  must  be  carried  out 
in  peacetime  under  severe  conditions: 
night,  bad  weather,  high  speed,  low 
level,  crew  fatigue  etc.  Simulation 
can  provide  a  little  but  not  enough. 
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II.  Introduction 

The  public  pressure  to  cut  the  jet 
noise  of  low  flying  aircraft  still 
exists  and  the  associated  problems 
were  just  discussed  in  our  defence 
committee  last  .'eek. 


You  will  still  find  noise  complaints 
about  low  flying  military  jet  air¬ 
craft  in  our  newspapers,  and  not  too 
many  people  took  note  of  the  result 
of  a  very  recent  study  summarizing, 
that  noise  emission  from  yet  air¬ 
craft  flying  as  high  as  300  meters 
is  unlikely  to  hurt  anybody  -  the 
study  was  presented  in  Berlin  during 
a  symposium  on  "Noise  and  Health*  a 
few  weeks  ago  -. 

Nevertheless  we  have  to  avoid  or  at 
least  reduce  the  environmental 
Impact  of  operational  flying  as 
much  as  possible  and  I  think  there 
is  no  doubt  that  simulation  is  an 
Important  tool  in  noise  reduction 
besides  other  possibilities  you  are 
going  to  talk  about  during  the  next 
days. 


The  ability  of  piloted  simulators 
and  their  contribution  to  a  wide 
range  of  tasks  -  including  the  use 
and  potential  of  simulation  in  full 
mission  training  for  military  roles  - 
was  presented  in  Brussels  last  week 
during  a  symposium  of  the  "Flight 
Mechanics  Panel"  on  "Piloted  Simu¬ 
lation  Effectiveness".  I  could  not 
attend  that  meeting  but  I  am  afraid 
that  one  of  the  results  was  that  we 
still  have  to  wait  for  modern  simu¬ 
lation  techniques  to  become  part  of 
a  fully  Integrated  approach  to 
training  and  cpmbine  optimum  combat 
readiness  with  crew  motivation  and 


minimum  environmental  Impact. 


Simulation  in  flying  training  is 


constantly  gaining  in  Importance 
but-j<hatever  requirements  or  Im- 
prove'S"**^mulator  features  we  come 
up  with  w'i‘t4,build  on  systems  we 
have  in  use  tS^iay. _ 
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I  ahall  tharefora  start  my  prasanta- 
tlon  with  a  definition  of  todays  con¬ 
ditions  and  influencing  factors  and 
90  on  to  describe  the  status  of  simu¬ 
lation  capabilities  In  the  German  Air 
force.  From  th,ls  I  will  deduce  our 
objectives  with  regard  to  future  re¬ 
quirements,  give  a  short  presentation 
on  our  simulator  Improvement  programs 
and  describe  the  Air  Force  planning 
concept  and  assess  Its  feasibility. 

Definition 

Computer  assisted  reproduction 
of  technical,  physical, 
economic  and  tactical 
processes  by  means  of  real 
or  abstract  aK>dela 

It's  the  artificial  duplication  of  na¬ 
tural  situations  with  adequate  fide¬ 
lity. 

Although  simulators  are  used  In  al¬ 
most  all  Air  Force  elements  for  a 
wide  variety  of  purposes,  my  paper 
will  focus  on  simulation  for  pilot 
training  as  a  result  of  the  dreunatlc 
changes  In  our  political  environment 
and  the  associated  diminished  public 
acceptance  of  low  level  flights  with 
there  environmental  and  safety  risks. 
I'he  resulting  question  Is  not  any 
longer:  *can  flying  hours  be  substi- 
tuted?"  Our  major  problem  today  is  how 
to  compensate  for  the  decrease  In 
flying  hours  per  pilot  per  year  and 
the  restricted  training  opportunities 
especially  at  low  level  and  not  let 
practical  flying  experience  become  a 
variable. 

III.  Conditions  and  Influencing  Factors 

Training  Is  the  most  Important  task  of 
Armed  Forces  In  peacetime  and  must  be 
oriented  along  Its  operational  mis¬ 
sions.  To  exploit  the  capacities  and 
capabilities  of  command,  control,  re¬ 
connaissance  and  weapon  systems  com¬ 
pletely,  continuous  realistic  training 
with  the  operating  equipment  Is  nece¬ 
ssary.  But  safety  regulations,  environ¬ 
mental  restrictions  and  limited  avai¬ 
lability  of  training  areas  and  funds 
more  and  more  limit  the  capability  to 
provide  training  in  a  near-realistic 
war  scenario  and  thus  the  use  of  si¬ 
mulators  Is  of  parlcular  Importance. 

The  mission  of  the  Air  Force  Flying 
Units  Is  to  train  aircrews  for  the 
fighter  weapons  systems  TORNADO  and 
F-4F  PHANTOM,  for  transport  aircraft 
like  the  C-160  TRANSALL  and  for  heli¬ 
copters  . 

This  Initial  and  proficiency  aircrew 
training  Is  subject  to  parameters 
which  are  primarily  derived  from  the 
political  situation,  the  changing 
public  perception  of  defence  con¬ 
straints  and  the  demographic  develop¬ 
ment  in  the  Federal  Republic  of  Ger¬ 
many.  The  following  factors  and  trends 
to  be  deduced  from  these  parameters 
will  have  a  restrictive  effect  on 


training. 

1.  Reduced  Personal  strength 

Due  to  the  demographic  development 
and  the  force  reduction  already 
agreed  upon,  the  personnel  strength 
In  the  Air  Force  will  be  reduced 
decisively  and  In  consequence,  ad¬ 
ditional  flying  hours  can  hardly 
be  provided. 

2.  Limited  Funds 

Under  the  current  defence  budget 
expectations  the  limitation  of 
operating  costa  will  become  one  of 
the  most  Important  criteria  of 
future  plaimlng.  in  regard  to  the 
selection  of  training  aids,  person¬ 
nel  and  operating  cost  savings 
must  therefore  be  considered  more 
strongly. 

3.  Lack  of  Realistic  Training  Condi¬ 
tions 

A  number  of  training  objectives 
cannot  be  achieved  due  to  the  lack 
of  realistic  training  prerequisi¬ 
tes.  Because  of  security  and  costs, 
certain  tactical  missions  may  be 
trained  only  to  a  limited  extend 
and  for  peacetime  flying  opera¬ 
tions,  safety  Is  another  very  Im¬ 
portant  limiting  factor.  This 
training  deficits  will  be  further 
aggravated  by  the  technological 
developments  and  introduction  of 
more  sophisticated  aircraft  and 
ordnance. 

4.  Growing  Environmental  Conscious¬ 
ness 

A  growing  public  Interest  In  the 
preservation  of  the  natural  envi¬ 
ronment,  greater  awarness  of  risks, 
greater  sensitivity  and  the  need 
to  reduce  the  noise  strain  was  al¬ 
ready  mentioned  and  they  cause 
additional  limitations  to  training 
programs . 

Any  major  transfer  of  training  to 
the  neighbouring  European  coun¬ 
tries  or  overseas  beyond  the  extent 
currently  planned  appears  hardly 
practicable  in  view  of  the  reduced 
operational  readiness,  the  high 
absence  rate  of  aircrews  and  the 
problem  of  future  acceptanrs  of 
such  transfers  by  host  nations. 

5.  Availability  of  Weapon  Systems 
Finally,  and  in  view  of  the  high 
development  and  procurement  costs, 
advanced  weapon  systems  must  be 
designed  for  long  in-service  live. 
As  a  matter  of  principle,  training 
missions  with  operational  equip¬ 
ment  contribute  to  material  fati¬ 
gue  and  should,  therefore  be  re¬ 
stricted  to  an  extent  to  be  defined 
on  a  case-by-case  basis. 

In  summary,  beside  the  general  reduc¬ 
tion  in  actual  tactical  flight  trai¬ 
ning,  Increasingly  restrictive  condi¬ 
tions  demand  a  permanent  revision  of 


the  training  concept  of  the  Air  Force 
for  their  flight  crew*  and  the  need  to 
consider  more  and  more  advanced  simula¬ 
tion  facilities  as  training  support  and 
not  as  live  flying  replacement  tool. 

IV.  Status  of  Flight  Simulation 

Apart  from  the  fact  that  simulation 
provides  both  relief  from  environmen¬ 
tal  strain  and  the  necessary  protec¬ 
tion  of  the  real  system  against  .Tate- 
rial  fatigue,  it  has  a  number  of  fur¬ 
ther  advantages  to  offer 

-  Operating  costa  of  simulators  are 
lower  than  those  of  weapon  systems. 
Thus,  the  average  f lying-hour-to- 
simulator-hour  cost  ratio  is  about 
10  to  1. 

-  Simulators  make  it  possible  to  re¬ 
cord  and  reproduce  the  training 
sequence  and  offer  means  for  a  quan¬ 
titative  control  of  the  training 
success. 

-  Simulators  make  it  possible  to  train 
the  behaviour  required  in  hazardous 
situations  without  endangering  man 
and  material. 

-  Simulators  premet  training  of  weapon 
employment  even  in  cases  where  the 
limited  availability  of  training 
areas,  weapons  or  funds  rule  out 
live  firing. 

-  Simulators  shorten  the  training  time 
during  initial  and  proficiency 
training.  Investigations  made  in  the 
US  revealed  a  time  saving  factor  of 
between  10  and  20  \  in  comparison 
with  conventional  training  without 
simulators. 

On  the  other  hand,  simulators  have 
basic  disadvantages 

-  the  limited  reproduction  of  reality 
and  the  resulting  reservations  our 
pilots  have  and 

-  the  adsense  of  physical  and  psychi¬ 
cal  stress  of  our  aircrews. 

Simulator  Training  Requirements 
The  requirements  for  simulator  training 
for  aircrews  are  laid  down  in  the 
’Simulator-based  Flying  and  Tactical 
Training  Program”  within  the  Tactical 
Combat  Training  Program  (TCTP) . 

Tactical  Combat  Training  Program 
TCTP 
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to  this  program. 

the  annua: 

requirement  for  flying  hours  and  simu¬ 
lator  missions  per  aircrew  is  10  to  1 
as  an  average.  Simulator  hours  are  to 
be  seen  in  addition  to  the  maximum  pos¬ 
sible  flying  hours  a  pilot  can  fly  per 
year. 


This  will  change  with  the  increasing 
complexity  of  simulators  and  their  abi¬ 
lity  to  Include  environmental  effects 
and  a  close  to  full  realism  technique 
particularly  with  advances  in  visual 
systems. 

We  have  three  simulator  generations  in 
use  in  our  Air  Force,  each  having  been 
up  t3  the  latest  standard  of  technolo¬ 
gy  when  introduced.  But  with  every  new 
weapon  system  higher  quality  simulator 
training  will  be  required.  For  example, 
important  mission  elements  of  the  ECR- 
TORNADO  in  the  area  of  electronic  war¬ 
fare  and  suppression  of  enemy  air  de¬ 
fence  cannot  be  trained  life  for  secu¬ 
rity  and  cost  reasons  and  have  to  be 
carried  out  primarily  in  a  simulator. 

Evaluation  of  Simulators 
Our  C-160  TRANSALL  -^'nulator  is  a 
first-generation  device.  Due  to  its 
analogous  technology,  it  is  no  longer 
suited  to  meet  the  present  or  future 
training  requirements.  It's  a  proce¬ 
dure  and  Instrument  flight  simulator 
and  tactical  procedures  can  only  be 
trained  to  a  very  limited  extent.  We 
will  procure  a  new  simulate-  for  the 
training  of  our  transport  crews  next 
year. 

A  2nd-generatlon  system  is  our  F-4F 
PHANTOM  simulator.  It  will  be  consi-. 
dered  a  good  training  aid  once  it  is 
retrofitted  with  a  fiber-optics  helmed 
mounted  display  for  an  texternal  visual 
system  and  modified  and  equipped  with 
electronic  warfare  components.  I  am 
going  to  talk  more  about  our  ongoing 
simulator  improvement  programs  in  a 
minute. 

We  hope,  that  the  F-4F  simulator  will 
provide  an  environment  closer  to 
reality  and  may  be  used  to  train  li¬ 
mited  air  combat  maneuvers  against 
computer  generated  targets. 

The  TORNADO  simulator  is  a  third  gene¬ 
ration  full  mission  simulator  with 
still  considerable  limitations 

-  it  is  equipped  with  a  visual  system 
whose  ground  resolution  and  topo¬ 
graphic  display  capabilities  are  un¬ 
satisfactory.  Therefore,  visual  low- 
level  flying  is  not  possible 

-  due  to  its  limited  field  of  view  in 
battlefield  missions  and  ground 
attack  operations,  it  allows  for 
visual  final  attacks  only  and 

-  finally,  it  has  no  external  visual 
aerial  target  display  so  that  eva¬ 
sive  maneuvers  to  escape  fighter 
attacks  cannot  be  trained. 
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-  tha  technology  for  realistic  simula¬ 
tion  Is  still  not  available  and  the 
absense  of  physical  danger  Influen¬ 
ces  the  training  results  and 

-  simulation  systems  available  do  not 
allow  to  train  combined  air  combat 
and  tactical  formation. 

V.  OMeetlvles  of  the  Gemian  Air  Force 
what  objectives  may  be  derived  from 
the  above  statements  for  the  future 
employment  of  simulators  In  the  Air 
Force? 


Objectives 


What  we  need  Is  a  full-mission  simula¬ 
tor  capable  of  providing 

-  air-to-air  combat 

-  electronic  warfare 

-  high  speed,  low  level  visual  and 
radar  missions  and 

-  air-to-ground  attack 
training  capabilities. 

TORNADO  Simulator  Improvement  Program 
Tha  Air  Force  therefore  Initiated  a 
TORN.ADO  simulator  Improvement  progreuB 
in  1990  which  mainly  conslts  of 

-  a  visual  system  upgrade  with  a  Fibre- 
Optic  Helmet  Mounted  Display  (FOHMD) 
and 

-  a  six  degrees  of  freedom  (DOF)  motion 
system. 

Since  the  basic  simulator  had  to  be 
changed  to  support  the  new  elements  CAE 
built  a  prototype  simulator  In  Stolberg 
Including  the  FOHMD,  the  Evans  a  Suther¬ 
land  ESXG  1000  Image  generator,  a  motion 
and  a  recording  and  air  target  system. 

The  evaluation  program  was  scheduled 
from  the  8th  of  July  until  the  11th 
of  October  this  year  and  more  than  250 
low-level  sorties  were  flown. 

The  Air  Force  Is  going  to  flight-test 
the  improved  system  between  the  5th  of 
November  and  the  17th  of  December. 

Although  it's  to  early  to  draw  final 
conclusions  from  the  results  already 
in  hand,  we  have  today  a  better  under¬ 
standing  of  the  Interaction  of  the  se¬ 
veral  elements  and  some  Indications  in 
what  direction  further  developments 
should  go. 

With  the  present  simulator  configuration 
three  TORNADO  missions  per  day  can  be 
flown.  This  Is  sufficient  to  meet  to¬ 
days  annual  requirements  per  pilot.  He 
managed  to  get  full-time  instructor 
personnel  In  our  training  facilities  In 
every  wing  and  the  employment  of  former 
combat  ready  pilots  as  civilian  Instruc¬ 
tors  proved  to  be  successful. 

In  summary,  it  may  be  stated  that,  for 
the  time  being,  simulator  training  of 
aircrews  still  has  limitations  prima¬ 
rily  due  to  the  fact  that 


Support  of  Training 

High  Degree  of  Reality 

Acceptance 

Overall  Training  Concept 

In  view  of  the  limiting  and  unfavou¬ 
rable  conditions  under  which  life 
flying  training  has  to  be  conducted, 
the  Improved  performance  characteris¬ 
tics  that  are  emerging  in  future  simu¬ 
lation  systems  must  consistently  be 
utilized. 

The  aim  of  simulation  must  be  the 
support  of  the  reduced  actual  flying 
training  of  fully  qualified  aircrews 
with  a  detectable  contribution  to 
their  proficiency. 

With  in  the  interrelationship  between- 
theoretical  knowledge,  simulation  and 
practical  flying,  simulation  has  to 
fulfil  a  supplementary  function  to 
prepare  aircrews  for  their  missions, 
and  to  maintain  and,  if  possible,  to 
Increase  their  proficiency  In  a  safe, 
comprehensive,  fast  and  cost  effective 
manner. 

Combined  air  operations  involving 
several  trainees  In  a  tactical  sce¬ 
nario  can  only  be  established  by 
netting  simulators  and  transfer  a  lot 
of  data  or  by  setting  up  a  centrali¬ 
zed  tactical  simulation  center  for 
the  training  of  highvalue  missions 
only. 

As  the  effectiveness  of  simulation  Is 
primarily  determined  by  the  degree  of 
reality  and  the  subconscious  acceptance 
by  the  aircrews  and  since  most  low 
level  high  speed  missions  are  flown 
under  visual  conditions,  the  develop¬ 
ment  of  a  high-quality  visual  system 
must  bo  given  first  priority. 

A  realistic  aircrew  training  corres¬ 
ponding  to  the  performance  characte¬ 
ristics  of  the  weapon  system  and  de¬ 
signated  to  improve  or  optimise  the 
interaction  of  tactics  and  technology 
requires  a  continuous  improvement  of 
in-service  simulators.  A  still  open 
question  is  to  what  extent  such  an  im¬ 
provement  program  should  be  executed. 

The  investment  in  an  advanced  simulator 
is  substantial  and  a  simulator  can 
cost  more  than  the  aircraft  itself. 

With  the  growing  complexity  of  Simula- 
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tors  with  their  high-tech  subsystems. 

It  may  become  Impossible  to  have  a 
full-mission  simulator  available  l:i 
every  wing  due  to  the  enourmous  high 
coat  of  procuring,  operating  and  main¬ 
taining  these  systems. 

VI .  Potential  and  Trends 

New  technologies  and  many  possibilities 
of  computer  based  training  and  realis¬ 
tic  simulation  of  view,  movement,  acce¬ 
leration  noise  and  of  environmental 
scenarios  are  available  and  will  be 
further  Improved  and  with  the  modern 
computer-generatled  display,  a  very 
nearly  realistic  visual  system  has  al¬ 
ready  been  achieved. 

We  think  that  the  advantages  of  the 
fiber-optic  helmet  -  mounted  display 
In  comparison  to  the  dome  projection 
are  to  be  found  In  a  greater  bright¬ 
ness  and  better  resolution  of  that 
display.  Moreover,  the  Infrastructure 
requirements  and  procurement  costs  are 
lower.  Problems  causes  the  relatively 
heavy  helmet  and  the  limited  freedom 
of  head  movement. 

A  further  attractive  application  of 
simulation  Is  offered  for  the  future 
by  the  so-called  embedded  training, 
a  simulation  capability  Integrated  In 
the  original  equipment,  which  Is  being 
studied  at  present. 

Simulation  technology  Is  undergoing  a 
dynamic  ptooess  and  It  will  be  Important 
for  the  services  to  follow  up  closely 
and  actively  all  technological  trends. 

VII.  R^ulrements 

what  are  the  Air  Force  requirements 
derived  from  the  overall  training 
concept? 

Requirements 

Interactive,  Computer-Based  Instruction 
Improvement  of  In-Service  Simulators 
Interlinking 

Tactical  Simulator  Center 
Oonflguratlon  of  Future  Weapon  Systems 

1.  Interactive,  computer-based  in¬ 
struction  methodes  should  be  Intro¬ 
duced  at  schools  and  In  units, 
where  they  serve  to  Improve 
training  to  gain  command  over  com¬ 
plex  systems. 


decisions  towards  air  combat  and 
high  speed  low  level  simulation. 

Our  national  training  concept  Is 
not  yet  completed  but  for  new 
systems  a  demand  exists  for 

-  a  part-task  trainer  to  train 
specific  and  limited  functions 

-  operational  flight  trainer  to 
train  general  procedures 

-  full-mission  simulator  with 
weapon  employment  and  mission 
specific  threat  ccenarlos. 

3.  In  the  long  term,  the  technically 
feasible  linking  of  flight  and 
tactics  simulation  systems  Including 
command  headquarters  has  to  be  ana¬ 
lysed.  Such  linking  would  allow  to 
conduct  large  scale  exercises  pre¬ 
planned  on  a  case-by-case  basis. 

4.  A  tactical  simulation  center  offers 
the  bast  possible  conditions  for 
the  training  of  high  value  missions 
and  missions  Involving  several  par¬ 
ticipants  In  a  tactical  scenario. 

The  operational  employment  of  all 
types  of  weapon  system  in  air  war¬ 
fare  can  be  trained  realistically 
and  It  Is  the  only  way  to  permit 
the  training  of  combined  air  opera¬ 
tions. 

In  view  of  the  continuously  growing 
significance  of  simulation  we  are. 
just  In  a  process  of  analysing  the 
possibility  of  comparing  develop¬ 
ment,  evaluation  and  tactical  simu¬ 
lation  In  such  a  center. 

5.  In  the  planning  and  configuration 
phase  for  new  weapon  systems,  the 
potential  for  a  weapon  system  In¬ 
tegrated  simulation  capacity  should 
be  assessed  and  taken  Into  conside¬ 
ration,  so  that  simulation  of  exer¬ 
cises,  partial  or  full  missions 
would  be  possible  with  or  Including 
the  original  system. 

Conclusions 

Convert  the  Simulator  Experiences 
Validate  the  Evaluation  and  Flight  Tost 
Data 

Consider  the  Possibilities  and  Limita¬ 
tions 

Develop  and  Derail  Training  Concept 
Aim  for  Adequate  and  Coateffectlve 
Solutions 


They  are  available  on  the  market 
and  have  been  tested  In  practice 
with  great  success. 

2.  For  the  in-service  fighter  simula¬ 
tors,  cactlcal  and  technical  impro¬ 
vements  will  be  necessary  which 
must  Include  the  changes  out  of  our 
combat  aircraft  performance  pro¬ 
grams. 

The  evaluation  resulte  from  the  up¬ 
graded  TORNADO  simulator  will  be 
the  basis  for  further  improvement 
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Discussion 


QUESTION  BT:  C.S.  Beers,  NLR,  The  Netherlands 

Approximates  training  in  peace  time  the  combat  situation 
enough? 

AUTHOR'S  RESPONSE: 

Not  our  restricted  normal  peace  tiae  flight  training.  The 
approximation  is  somewhat  better  when  flying  tactical 
training  missions  at  Goose  Bay,  The  best  trainirgs  are 
exercises  like  Red  Flag. 


3-1 


AD-P007  514 


■III 


COMBAT  AIRCRAFT  NOISE  -  THE  OPERATOR'S  PERSPECTIVE 

Group  Captain  R  Bogg  RAF 
Deputy  Director  Navigation  Services  (RAF) 

Ministry  of  Defence 
Whitehall 
London  SW1A  2HB 
United 


L _ SUMMARY 

1.1  Combat  aircraft  are  not  subject 

to  the  same  noise  reduction 
regulations  as  civil  aircraft  and  are 
operated  closer  to  their  performance 
limits  and  at  high  power  settings  for 
extended  periods.  There  is  general 
pressure  to  reduce  noise  of  all  kinds, 
but  particularly  that  from  low  flying 
aircraft.  Although  there  is  little  that 
can  be  done  to  quieten  in-service 
engines,  operational  palliatives,  such 
as  noise  abatement  procedures  and 
restrictions  on  low  Rying,  have  been 
introduced.  Moreover,  there  has 
been  a  concened  education  and 
public  relations  campaign,  and 
numerous  airspace  management 
changes  have  been  introduced  to 
reduce  the  impact  of  low  flying  on 
the  population.  These  subjects  were 
considered  during  a  Pilot  Study  into 
aircraft  noise  under  the  auspices  of 
the  NATO  Committee  on  the 
Challenges  of  Modem  Society;  the 
findings  of  the  Study  are  discussed, 
giving  both  the  international 
viewpoint  and  the  UK  perspective  in 
particular.  Some  options  for  the 
reduction  of  low  flying  arc  al.so 
considered,  but  so  long  as  military 
aircraft  need  to  fly  low  to  evade 
enemy  air  defences,  low  flying  will 
remain  a  principal  tactic  of  NATO  air 
forces,  and  peacetime  training  will 
remain  an  essential  military 
requirement.  Thus,  noise  from  low 
flying  combat  aircraft  will  remain  a 
sensitive  issue,  and  ways  of  reducing 
it  will  continue  to  be  of  importance 
for  many  years  to  come. 


Kingdom 


2.  INTRODUCTION 

2.1  In  a  world  which  has  become 
increasingly  environmentally  aware, 
noise  of  all  fonns  has  its  critics, 
particularly  aircraft  noise.  As  civil 
aircraft  have  become  quieter, 
military  flying  ha.<;  faced  increased 
criticism.  Although  many  aspects  of 
military  aircraft  noise  from  ail 
classes  of  aircraft  and  helicopters 
have  come  in  foi  criticism,  including 
noise  around  airfields,  it  is  the 
combat  aircraft,  particularly  in  its 
low  flying  role,  which  has  been  the 
centre  of  most  attention,  and  this 
paper  concentrates  on  this  element 
of  military  flying  by  fixed-wing 
aircraft. 

2.2  Operationally,  NATO  has 
concentrated  on  flying  at  low  level  as 

a  key  tactie  to  reduce  attrition  in  the  V, 
face  of  sophisticated  and 
increasingly  potent  air  defences. 

Low  level  in  this  context  means 
penetrating  enemy  airspace  at 
around  lOOft.  and  as  fast  as  possible, 
typically  at  480-600kts.  However,  air 
forces  have  recognised  for  a  long 
lime  that  a  peacetime  training 
balance  has  to  be  struck  between 
value  of  training,  acceptable 
peacetime  training  risk,  and  the 
impact  of  such  training  on  the 
population.  The  casing  of  East-West 
tension  has  led  to  a  call  for 
reductions  in  low  flying,  particularly 
in  Germany,  and  significant  airspace 
restrictions  have  already  been 
applied  in  some  countries  to  limit  the 
opportunities  for  such  low  flying 
training. 

2.3  For  its  part,  the  Military  has 
recognised  and  fully  understands  the 
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desire  to  minimise  the  impact  of  low 
flying  on  the  general  population  and 
which  has  provoked  political  interest 
in  several  countries.  Recently,  for 
example,  the  UK  House  of  Commons 
Select  Committee  on  Defence  and  the 
Western  European  Union  have  both 
carried  out  investigations  into  low 
flying,  the  former  concluding  that  ‘a 
requirement  for  low  flying  training 
will  remain  as  long  as  military 
aircraft  need  to  fly  low  to  evade  air 
defences'  (Reference  1),  and  the 
latter  recommended,  inter  alia,  that 
nations  ‘should  take  suitable 
measures  in  the  future  to  reduce  the 
noise  to  which  the  public  arc 
exposed’  (Reference  2).  In  parallel. 
NATO  has  noted  the  increasing 
concern  about  low  flying, 
commissioning  its  own  study  of  the 
problem  of  aircraft  noise  through 
the  auspices  of  its  Committee  on 
Challenges  of  a  Modern  Society 
(CCMS),  and,  in  1991,  both  AAFCE  and 
AGARD  embarked  on  separate  studies 
which,  for  the  former,  rc-examined 
the  military  requirement  for  low 
flying  in  the  light  of  revised  force 
postures  and  readiness  states,  while 
the  latter  is  examining  the 
requirement  for  low  flying  training 
in  an  attempt  to  reduce  the 
environmental  impact  of  such  dying. 
While  efforts  continue  to  find 
solutions,  it  is  a  delicate  balancing  act 
to  reconcile  these  conflicting 
considerations. 

i _ REGULATION 

3.1  Within  the  civil  aviation 
sector,  there  has  been  legislation  for 
many  years  aimed  at  controlling 
engine  noise,  and  manufacturers 
have  been  obliged  to  cater  for  such 
legislation  in  the  design  of  their 
engines.  However,  many  military 
aircraft,  including  passenger  and 
transport  aircraft  which  operate  into 
civil  airfields,  are  not  bound  by  such 
regulations,  but  this  immunity  may 
not  last  and.  inevitably,  there  will  be 
impact  on  some  areas  of  military 
operations.  The  military  position  is 
lessened  in  this  respect  through 
equipment  replacement  programmes 
which,  for  transport  and  passenger 


flying,  often  make  use  of  aircraft  or 
engines  already  in  commercial  use 
and.  therefore,  subject  to 
international  regulation.  Current 
legislation  excludes  combat  aircraft, 
defined  as  those  which  fall  into  the 
fighter  and  bomber  categories;  these 
aircraft  have  been  built  for 
performance  and  survivability  and, 
hitherto,  it  has  not  been  necessary  to 
devote  significant  effort  to  the 
quietening  of  these  aircraft. 

3.2  Parliamentarians  and 
members  of  the  public  are  aware  of 
the  existence  of  civil  legislation  and 
the  broad  technological  measures 
which  have  been  taken  to  quieten 
airliner  engines,  and  they  have  some 
difficulty  in  appreciating  why 
similar  measures  cannot  be  taken  to 
reduce  noise  levels  from  combat 
aircraft.  To  the  layman,  the  solution 
is  simple;  all  that  is  needed  is  the 
modification  of  engines  already  in- 
service.  The  reality,  of  course,  is 
quite  different,  and  while  some 
measures  might  be  possible,  there  are 
compelling  counter  considerations 
which  confront  not  only  the  military 
but  their  government  paymasters 
also.  With  the  easing  of  East-West 
tension,  there  has  been  a 
concomitant  call  for  an  evident  peace 
dividend,  not  only  in  a  reduction  of 
armed  forces  but,  more  importantly,  a 
reduction  in  the  amount  of 
government  money  required  to  meet 
defence  needs.  In  the  specific 
context  of  engine  noise 
modifications,  the  inevitable  result  is 
an  even  greater  difficulty  to  find 
funds  for  both  the  research  and  for 
the  modifications  themselves.  Thus, 
there  is  conflict  facing  governments; 
they  have  to  decide  whether  such 
modification  is  cither  necessary  or 
indeed  worth  the  investment.  The 
other  consideration  is  the  timescale 
for  such  modification,  assuming  that 
the  will  is  there  to  invest  in  the  work. 
In-service  engines  arc  notoriously 
difficult  to  modify  in  any  significant 
way.  and.  for  most  current  military 
aircraft,  it  is  doubtful  whether 
evaluation  and  development  of  the 
appropriate  modifications  and  their 
subsequent  introduction  into  service 


could  be  achieved  in  the  remaining 
life  of  the  aircraft.  In  reality,  there 
is  probably  little  that  can  be  done  to 
significantly  quieten  in-service 
combat  aircraft  and  this  aspect  of  the 
debate  is  somewhat  academic. 
Significant  reductions  arc  likely  only 
from  future  engines,  probably  15-20 
years  hence,  and,  in  the  meantime,  it 
is  necessary  to  consider  other 
alternatives. 


OPERATORS 

4.1  Since  any  measures  to  quieten 
engines  in  combat  aircraft  arc  both 
long  term  and  expensive,  aircraft 
operators  have  to  live  with  the 
problem  from  day  to  day,  for  it  is  they 
who  have  to  face  the  political  and 
public  criticism  of  low  flying.  The 
most  vociferous  opponents  of  low 
flying  suggest  that  the  military  has 
neither  concern  for  the  amount  of 
noise  they  make,  nor  for  the  feelings 
of  those  who  have  to  listen  to  military 
aircraft  either  on  the  ground  or  in 
the  air.  Such  a  view  does  not  reflect 
the  thinking  of  any  military 
commander  or  crew,  either  now  or 
for  many  years  past,  and  the  general 
swing  tov'ards  greater 
environmental  awareness  has  been 
reflected  in  military  training  and 
operating  philosophies.  It  is 
important  to  recognise  that  low 
flying  military  training  has  been 
based  for  many  years  on  a 
compromise  between  what  the 
operators  would  like  to  do.  first  to 
attain,  and  then  to  sustain, 
operational  proficiency,  balanced 
against  what  is  a  reasonable  burden 
to  impose  on  the  general  public. 

4.2  In  operational  terms,  the 
principal  aim  of  combat  aircraft  is  to 
reach  their  target  safely,  to  release 
weapons  accurately,  and  to  return 
home,  also  in  one  piece,  and  to  repeat 
the  operation  if  necessary.  Combat 
aircrah  need  engine  power,  both  for 
performance  and  for  survival:  in  the 
former  category,  there  is  an 
increasing  demand  for  shorter  take¬ 
off  runs  and  high  transit  speed,  and. 


lor  the  latter,  power  is  needed  to 
evade  either  ground  defences  or  any 
lurking  fighters.  Operators 
recognise  that,  generally  speaking, 
power  equals  noise.  On  the  one  hand. 
<1  does  not  matter  how  much  noise  is 
made  in  combat  provided  it  means 
survival,  although  acoustic  signature 
in  a  stealth  sense  is  of  concern. 
However,  on  the  other  hand,  crews 
are  concerned  about  noise  made  in 
peacetime,  but.  as  long  as 
Governments  have  defence  policies 
which  require  an  air  capability,  then 
an  air  force’s  task  is  to  train  for  war. 
Nevertheless,  normal  modus  operand! 
are  conditioned  by  the  compromise  of 
realistic  training  and  environmental 
impact  as  has  already  been 
mentioned.  Until  recently.  250ft  has 
been  the  generally  accepted 
minimum  height  overland  for 
training  throughout  NATO,  although 
three  countries.  Canada.  UK  and  US. 
have  allowed  some  training  down  to 
lUOft  in  specially  designated  areai.^ 
However,  environmental  pressures 
have  threatened  this  compromise 
and.  recently,  have  led  to  the 
imposition  of  additional  restrictions 
on  minimum  height  in  some 
countries  with  knock-on  effects 
elsewhere  which  threaten  training 
Standards  across  NATO  as  a  whole. 

4.3  Commanders,  supervisors,  and 
aircrews  all  have  to  be  aware  of  the 
impact  of  their  peacetime  activity  on 
the  population,  and  this  awareness 
and  concern  starts  on  the  ground. 

Base  Commanders,  in  particular,  are 
in  no  doubt  about  the  impact  of 
flying  operations  on  those  who  live 
near  their  airfields,  and  recognise 
the  need  to  establish  a  good  rapport 
with  local  communities,  discussion 
with  whom  often  includes  the  vexed 
question  of  aircraft  noise.  However, 
it  is  often  forgotten  that  the  military 
and  their  families,  too,  are  part  of  the 
same  local  community  and  have  to 
live  with  the  noise  also.  There  is 
thus  some  incentive  to  pay  close 
attention  to  the  reduction  of  airfield 
noise  wherever  it  is  practicable. 

4.4  Good  relations  start  with  good 
hou.sckccping,  and.  as  a  principle. 
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tight  controls  are  imposed  on  the 
ground  running  of  rngines.  a 
regular  cause  of  complaint.  At  most 
bases,  running  is  not  permitted 
before  7am  or  after  11pm  unless 
absolutely  necessary,  and  then  only 
on  the  express  authorisation  of 
senior  officers.  Most  ground 
running  of  engines  is  allied  to 
maintenance  and  involves  high 
power  settings  and  slam 
accelerations;  inevitably,  this  is  very 
noisy  and  often  prolonged.  To  some 
extent,  running  in  hardened  aircraft 
shelters  has  helped  to  attenuate  the 
noise,  but  greatest  reduction  has 
come  from  the  introduction  of  engine 
running  hush  houses.  With 
advances  in  technology,  a  long  term 
objective  should  be  the  development 
of  engines  which  do  not  require 
extensive  giound  running;  rather,  a 
comprehensive  electronic  set-up 
procedure  should  be  evolved, 
although  most  combat  aircrew  would 
need  considerable  reassurance  of  the 
efficacy  of  such  an  approach  before 
feeling  comfortable  with  it. 

4.5  In  the  vicinity  of  many 
military  airfields  in  the  UK.  the 
Government  has  provided  grants  for 
the  installation  of  acoustic  secondary 
glazing  for  civilian  homes,  and  this 
has  proved  to  be  very  popular  with 
the  local  population.  The  noise 
criterion  used  has  been  70dB(A) 

-  or  more  properly  LA,  eq.  I2h  70dB 
and  provided  homes  lie  within  the 
measured  average  70dB(A)  noise 
contour  in  the  vicinity  of  the  selected 
military  airfield,  they  qualify. 

4.6  Arguably,  most  noise  from 
combat  aircraft  is  generated  on  take¬ 
off  and  departure,  and  noise 
abatement  procedures  arc  generally 
adopted  at  military  airfields,  .similar 
to  those  used  within  the  civil 
community  for  many  years. 

Generally,  engines  are  not  run  at  full 
reheat  prior  to  take-off;  rather,  ihe 
military  tend  towards  rolling  take¬ 
offs.  with  minimum  reheat  at  first, 
then  full  reheat  once  on  the  move. 
Where  all-up-weight  considerations 
permit,  to  obviate  the  need  for 
reheat,  and  provided  overall  combat 


performance  is  not  compromised,  an 
alternative  would  be  to  build  bigger 
and  more  powerful  engines. 

However,  residual  thrust  represents  a 
higher  investment  in  development 
and  production,  but  the  premium  has 
not  been  acceptable  for  many 
military  aircraft  engine  designs, 
although  governments  may  have  to 
give  greater  prominence  to  this 
consideration  in  the  future. 

4.7  A  successful  mission  in  the  air 
is  crucially  dependent  upon 
thorough  mission  planning  on  the 
ground,  and  there  are  many  route 
constraints  which  are  determined  by 
noise  considerations.  Ideally, 
aircrew  would  like  to  fly  as  low  -.nd  as 
fast  as  possible  to  practise  for 
survival  at  1 00ft  and  600kts,  but, 
because  of  the  previously  mentioned 
compromi.se,  the  military  limit  their 
peacetime  training  to  250ft  and 
around  420kts.  except  for  simulated 
attack  profiles  where  higher  speeds 
are  sometimes  used  for  shon  periods. 

/ 

4.8  In  terms  of  the  impact  of 
routine  flying  on  the  population, 
every  effort  is  made  to  avoid 
overflying  centres  of  population,  and 
power  settings  are  limited,  with  use 
of  reheat  being  specifically 
precluded  overland.  Nor  is 
supersonic  flying  permitted  at  low 
level  overland  in  most  countries; 
such  flying  is  allowed  only  in  the 
most  remote  pans  of  the  world  ! 
Avoidance  areas  are  established 
around  major  conurbations,  civil  and 
military  airfields,  some  hospitals, 
nuclear  power  siatio.is,  and  so  on. 

In  consequence,  there  is  a 
comprehensive  set  of  restrictions 
with  which  the  aircrew  must  be 
thoroughly  familiar.  Crews  go  to 
great  lengths  to  avoid  overflying 
smaller  towns,  villages,  even  isolated 
communities,  manoeuvring  around 
or  climbing  well  above  those  that  are 
seen.  But  it  is  impossible  to  avoid 
overflying  every  single  house  or 
person,  and  this  is  sometimes  difficult 
for  the  public  to  comprehend; 
inevitably,  therefore,  the  military 
does  cause  annoyance  to  some  people, 
and,  despite  all  of  the  safeguards,  the 


operator  docs  get  accused  from  time 
to  time  of  being  irresponsible,  of 
frightening  people,  and  of  cau.sing 
hearing  damage. 

4.9  While  not  underestimating  the 
impact  of  overflight  on  people  on  the 
ground,  particularly  the  startle 
effect,  a  comprehensive  literature 
search  carried  out  in  the  UK  has 
failed  to  unearth  conclusive  evidence 
of  permanent  hearing  loss  due  to  low 
flying  aircraft,  and  best  evidence 
suggests  that  the  likelihood  of 
permanent  hearing  damage  is 
infinitesimally  small  at  levels  up  to 
125  dB(A);  at  worst,  there  might  be  a 
temporary  shift  in  hearing  threshold 
for  a  few  highly  sensitive  people,  but 
the  risk  of  permanent  damage  is 
negligible  (Reference  3). 

Nevertheless,  following  flight  irials 
in  the  UK  (Reference  4),  steps  have 
been  taken  as  a  precaution  to  control 
low  flying  so  that  not  more  than 
12SdB(A)  of  noise  is  received  on  the 
ground:  at  typical  low  flying  heights 
and  speeds,  combat  aircraft  arc 
considerably  quieter  than  this. 

4.10  Significant  effort  is  devoted  to 
explaining  the  need  for  low  flying 
and  its  careful  conduct  to  the  general 
public  and  on  educating  aircrew, 
supervisors  and  commanders  at  ail 
levels  of  the  impact  of  their  day-to- 
day  operations.  Experience  has 
shown  that  such  explanation  reduces 
some  of  the  emotive  reaction  and 
gives  a  better  understanding  of  the 
issues  involved,  making  acceptance 
of  low  flying  and  of  its  restrictions 
more  palatable.  Briefings  to  aircrew 
are  given  at  regular  intervals,  and 
questions  of  low  flying  are  addressed 
on  national  and  NATO  flying 
supervisors'  courses.  In  terms  of 
briefing  the  public,  pains  are  taken, 
certainly  in  the  UK,  to  include 
reference  to  low  flying  as  part  of  a 
nationwide  public  relations 
campaign,  and  the  Ministry  of 
Defence  has  a  special  briefing  team 
which  faces  the  public  at  open 
meetings  particularly  in  areas  in 
which  there  are  perceived  to  be 
particular  problems  with  low  flying. 
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S.l  Most  NATO  nations  provide 
airspace  for  low  flying,  and  although 
the  definition  of  low  flying  differs 
from  nation  to  nation,  for  example  it 
is  below  2000ft  in  UK  and  below 
1500ft  in  Germany,  the  acknowledged 
upper  limit  for  useful  training  is 
500ft.  In  addition,  the  amount  of 
airspace  open  for  such  flying  varies 
from  nation  to  nation,  both  in  terms 
of  area  and  altitude  limits.  There  is  a 
significant  difference  between  that 
available  in,  say,  Holland,  which  has 
two  250flt  narrow  routes  along  the 
length  of  the  country,  with  a 
restriction  of  1 000ft  elsewhere; 
Germany,  until  1990,  had  a  system  of 
seven  2S0ft  areas  of  varying  sizes  and 
a  500ft  limit  elsewhere,  but.  recently, 
a  1000ft  limit  has  been  imposed 
everywhere;  and  the  UK  has  a 
general  250ft  minimum  height 
(except  over  densely  populated 
areas),  with  three  100ft  areas  for 
restricted  training  under  special 
conditions.  Clearly,  crews  plan  to  fly 
in  the  2500  areas,  and  the  smaller 
these  are,  the  more  concentrated  the 
noise  in  those  areas;  this  has  been  at 
the  heart  of  the  problem  in  Germany. 
The  principle  applied  in  the  UK  is  to 
spread  the  noise  burden  as  widely  as 
practicable  by  opening  as  much 
airspace  as  possible  to  250ft  flying. 

5.2  Management  of  low  flying 
needs  to  be  both  proactive  and 
reactive  to  make  most  efficient  use  of 
airspace,  restrict  flying  where  safety 
or  other  considerations  apply,  and 
provide  a  quick  and  efficient 
information  dissemination  system  to 
inform  aircrew  of  changes,  hazards, 
and  navigation  data.  In  the  current 
debate,  a  key  issue  remains  the 
availability  of  airspace  and  the  need 
for  burden  sharing.  Many  people 
argue  that,  in  an  Alliance,  every 
nation  should  provide  facilities  for 
low  flying,  ideally  at  250ft. 

Restrictions  placed  by  one  nation  are 
naturally  reflected  in  equivalent 
restrictions  in  another,  and  while 
NATO  co-operation  remains  crucial, 
there  are  understandable  political 
constraints  which  limit  flying  by 


foreign  air  forces  to  conditions  no 
more  favourable  than  made  available 
to  Alliance  partners  in  their  home 
country. 

5.3  Consideration  has  been  given 
to  the  role  of  computers  in  the 
management  of  low  flying,  and  here 
too  there  are  differences  in 
approach.  The  Germans  are 
examining  a  system  which  will 
collect  data  retrospectively  on 
patterns  of  low  flying,  information 
from  which  will  allow  redistribution 
of  flying  to  avoid  over-saturation  of 
one  particular  area.  In  the  UK,  a 
reactive  system  is  being  introduced 
which  will  allow  operators  to  make 
their  low  flying  booking  and  receive 
both  clearance  and  up-to-the-minute 
data  on  other  aircraft  in  the  vicinity, 
local  warnings  and  hazards:  in 
addition,  the  system  will  ease  the 
considerable  burden  of  statistical  data 
gathering. 


6.  ALTERNATIVES  TO  CURRENT 

LOW  FLYING  PATTERNS 

6.1  To  ease  the  impact  of  low 

'.lying,  the  military  have  been  sought 
to  examine  several  alternative 
approaches;  many  are  not  practical, 
but  are  discussed  nevertheless.  First 
and  foremost,  there  is  the  question  of 
The  Threat  which  determines  the 
military  need  for  low  flying.  Some 
people  consider  that  the  threat  no 
longer  demands  either  qualification 
or  currency  to  be  able  to  fly  at  low 
level.  It  remains  a  political  decision 
to  define  the  readiness  state  required 
for  air  forces,  and,  to  meet  that 
political  directive,  air  forces  must  be 
provided  with  appropriate  flying 
training.  Some  work  has  been 
carried  out  to  determine  the  time 
required  to  qualify  crews  for 
competency  at  low  level,  and  while 
there  are  many  arguments  and 
considerations,  the  required  time  is 
principally  a  function  of  warning 
time  and  availability  of  suitably 
qualified  flying  instructors,  the 
latter  being  essential  to  underpin 
operational  training.  While  NATO 
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can  boast  an  extensive  availability,  at 
present,|  of  both  experience  and 
instructors,  the  longer  an  air  force  is 
not  exposed  to  low  flying,  the  longer 
it  will  itake  to  regain  competency;  in 
the  process  of  acquiring  such 
competency,  there  would  probably  be 
a  higher  accident  rate  during  the 
transition  since  low  flying  would 
represent  an  unfamiliar  training 
regime  and,  in  war,  higher  attrition 
levels  would  have  to  be  expected. 

6.2  Next,  some  suggest  that  low 
flying  could  be  undertaken  over  the 
sea  where  disturbance  to  the  public 
would  not  be  a  factor.  Although 
many  air  forces  already  carry  out 
some  training  over  water,  the  option 
has  limited  utility  since  the  most 
demanding  aspect  of  low  flying  is 
learning  to  contend  with  the 
undulations  of  the  ground  and 
avoidance  of  obstructions,  and.  very 
quickly,:  the  demands  of  flying  over 
the  sea  and  the  tactical  value  of  such 
flying  reaches  its  peak  and  there 
would  be  very  limited  equivalence  to 
the  perspective  of  overland  flying. 
Further,  performance  and  use  of 
many  avionic  systems  are  severely 
limited  over  the  water,  for  example, 
terrain  following  radars. 

6.3.  Alternatively,  the  necessity 
for  peacetime  training  to  be  carried 
out  at  ^uch  low  altitude  is  questioned, 
and  .some  wonder  whether  the  same 
training  could  be  carried  out  at  a 
higher  level.  However,  there  are 
several  skills  needed  to  be  safe  and 
proficient  at  low  altitude,  and  these 
have  to  be  first  acquired  and  then 
sustained  through  regular  practice. 
Skill  at  aircraft  handling,  navigation, 
tactics,  target  acquisition  and  radar 
handling,  weapon  aiming  and  use  of 
electro-optical  devices  all  need  to  be 
developed,  and  the  demands  on  the 
aircrew  above  500ft,  where  the  flight 
regime  can  be  considered  benign,  are 
quite  different  and  much  less 
demanding  than  at  heights  of  100- 
250ft.  The  differences  between  visual 
cues  and  work  rate  at  the  various 
levels  are  not  linear,  and,  at  the 
lower  levels,  terrain  avoidance 
assumes  greater  importance,  and  low 
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level  navigation  becomes  more 
difficuU  as  aspects  change  from 
planform  to  elevation.  Thus,  flying 
higher  leads  to  a  non-reprc.scniaiivc 
training  regime,  and  in  terms  of 
noise  there  is  not  a  significant 
reduction  between  2S0ft  and  even 
lOOOft,  and.  the  higher  an  aircraft  is 
flown,  the  longer  its  noise  is  heard 
on  the  ground  and  over  a  wider 
footprint. 

6.4  Finally,  many  people  believe 
that  modem  simulators  could  be  used, 
thereby  negating  the  need  for  actual 
flying.  While  simulators  have  been 
used  extensively  for  many  years, 
they  have  their  limitations.  Not  only 
are  they  expensive,  but  they  have 
been  unable  to  provide  realistic- 
tactical  low  flying;  indeed,  many  do 
not  have  visual  flight  attachments  lo 
allow  low  flying  to  be  replicated. 
Simulators  have  an  important  part  to 
play  in  conversion  and  emergency 
training,  and  in  the  teaching  of 
procedures.  Nevertheless,  rcccni 
advances  in  digital  landmass 
databases  and  visual  scene 
generation  are  allowing  more 
extensive  use  to  be  made  of  simulators 
and  this  may  provide  for  more 
representative  training  than  is 
possible  at  present,  for  instrument 
training,  night  flying,  use  of  clcctro- 
optical  devices,  and  limited  tactical 
flying;  however,  whatever  is  said 
about  their  advantages  and 
capabilities,  simulators  cannot 
replicate  the  pressure  of  actual 
flying  and  crews  will  always  be 
aware  that  they  cannot  be  killed  as  a 
result  of  mistakes  they  make.  There 
is  no  substitute  for  actual  flying  and. 
as  at  present,  in  the  low  flying 
regime,  simulators  are  likely  to 
complement  flying  training  rather 
than  replace  it. 

1 _ NATO  CCMS  STUDY 

7.1  Many  of  the  issues  discussed  so 

far  were  considered  during  the 
recent  NATO  CCMS  study  (Reference 
5).  The  study  itself  was  wide  ranging, 
with  detailed  consideration  of 
aircraft  source  noise,  methods  of 
mitigating  the  nuisance  on  the 


ground,  and  operational 
considerations  to  reduce  the 
concentration  of  aircraft  in  time  and 
space.  The  latter  area  has  been 
discussed  extensively  in  this  paper 
and  brief  reference  is  made  now  to 
the  work  in  the  other  areas. 

7.2  The  Source  Noise  Sub-Group 
concluded  that  significant  reductions 
in  jet  exhaust  noise  were  not  possible 
without  major  performance 
penalties;  since  the  majority  of  our 
aircraft  do  not  have  excessive  spare 
power,  reduction  in  performance  is 
not  an  acceptable  military  option. 
However,  the  group  suggested  that 
improvements  in  aerodynamics  of 
the  aircraft  would  allow  lower  power 
settings  to  be  employed.  While  this  is 
(rue.  there  is  only  limited  scope  for 
such  aerodynamic  streamlining  since 
many  current  aircraft  need  to  carry 
fuel  tanks  and  practice  weapons 
dispensen  on  many  occasions; 
nevertheless  flying  supervisors 
should  consider  operating  their 
aircraft  as  aerodynamically  clean  as 
possible.  Perhaps  the  design  of 
future  fighter-bomber  aircraft 
should  include  bomb-bays,  like  some 
of  their  predecessors,  rather  than 
have  to  resort  to  the  external 
carriage  of  weapons.  The  group 
noted  that  there  was  a  paucity  of 
information  on  source  noise  data  for 
aircraft  operating  at  high  speed  and 
at  low  altitude,  and  collection  of  such 
information  would  allow  a  better 
understanding  of  the  mechanics  of 
noise  generation  to  assist  future 
research  into  quieter  aircraft.  The 
CCMS  study  provided  the  spur  for 
work  to  be  undertaken  in  this  area  in 
the  UK  (References  6  and  7). 

7.3  A  second  sub-group 
concentrated  on  aspects  of  receiver 
technology,  concluding  that 
acceptance  of  noise  on  the  ground 
through  consideration  of  its  effects, 
abatement,  community  and  land  use 
planning  and  their  interactions 
would  be  difficult  to  achieve.  At  the 
time  of  the  study,  there  was  no  clear 
evidence  that  aircraft  could  produce 
noi.se  induced  hearing  loss  on 
humans  and  it  was  not  possible  to 


assess  the  effects  and  risks  on 
hearing,  communications,  sleep,  and 
the  associated  physiological/ 
psychological  impact.  In  follow-up 
work.  Canada.  UK  and  US  may  carry 
out  a  collaborative  research 
programme  into  these  subjects.  The 
original  work  examined  abatement 
techniques  and  the  complicated 
considerations  of  community  and 
land  use  techniques.  Modelling  was 
identified  as  a  useful  tool,  but  the 
study  established  that  there  was  not  a 
standard  set  of  noise  indices 
recognised  internationally  and 
useful  work  was  undertaken  to 
produce  conversion  factors  to 
transpose  data  from  one  nation  to  the 
indices  adopted  in  another. 

7.4.  The  work  of  the  CCMS  was 
timely  given  thu  sharp  public  and 
political  interest  in  environmental 
matters  generally  and  aircraft  noise 
in  particular.  The  CCMS  report  has 
been  noted  by  the  NATO  Council  and 
tne  work  is  being  continued  through 
a  Follow-on  Group  which  is 
progressing  the  recommendations  of 
the  original  study.  Clearly,  paper 
studies  have  their  limitations,  and 
while  many  of  the  conclusions  and 
recommendations  are  important, 
many  would  require  extensive 
changes  in  training  patterns  or 
expenditure  to  overcome  the 
problems  addressed.  The  difficulty  is 
to  maintain  the  international 
momentum  and  to  put  the  scale  of  the 
noise  problem  into  perspective, 
particularly  now  that  some  nations 
have  placed  significant  restrictions 
on  the  extent  and  altitude  of  low 
flying  training. 

8.  CONCLUSIONS 

8.1  It  is  not  always  easy  to 
quantify  the  true  extent  of  the 
combat  aircraft  noise  problem,  for 
there  is  much  emotion  generated 
which  has  clouded  the  issue  to  some 
extent.  Nevertheless,  and  rightly, 
close  attention  has  been  paid  to  the 
concerns  of  the  public  and  many 
measures  have  been  taken  to  reduce 
the  impact  of  low  flying  on  the 


population.  Hitherto,  it  has  not  been 
necessary  to  introduce  noise 
reduction  measures  on  combat 
aircraft  and  while  marginal  noise 
reductions  might  be  possible, 
significant  reductions  could  only  be 
made  to  take-off  noise  with  massive 
investment,  but  any  measure  which 
reduced  available  thrust  and 
performance  would  not  meet  military 
requirements.  The  technical 
difficulties  and  timescale  for 
modification  of  in-service  engines  is 
such  that  this  approach  is  unlikely  to 
prove  cost  effective,  and  the  only 
alternative  is  to  await  new  engines 
designed  with  lower  noise  output  and 
maximum  thrust  in  mind.  However, 
governments  must  be  prepared  to  pay 
the  price  for  meeting  such 
conflicting  goals. 

8.2  In  the  meantime,  aircraft 
operators  will  continue  to  restrict 
noise  nuisance  as  far  as  is 
practicable,  through  restrictions  on 
their  activity  both  on  the  ground  and 
in  the  air.  The  call  for  a  peace 
dividend  in  response  to  the  welcome 
casing  of  East-West  tension  and  as  a 
result  of  CFE  Treaty  measures,  will 
leave  most  air  forces  with  fewer 
aircraft.  The  total  noise  on  the 
population  will,  therefore,  reduce 
over  the  next  few  years.  However, 
the  world  and  politics  are  notoriously 
fickle,  and  while  everyone  would 
wish  to  believe  the  world  is  a  more 
.stable  place,  nations  arc  a  long  way 
from  being  able  to  discard  defence 
forces  completely.  Governments  will 
need  to  be  prepared  to  counter 
aggression  wherever  it  may  arise 
and,  while  air  forces  require  an 
offensive  capability,  the  low  flying 
tactic  will  remain  an  essential 
clement  of  military  strategy.  In  turn, 
this  will  require  regular  training  in 
peacetime,  and  thus  low  flying 
aircraft  noise  will  remain  a  topical 
issue  for  many  years  to  come. 
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SUMMARY 

This  popor  providoo  on  ovorwiow  of 
Intorprotivo  orltorlo  tor  noloo  oxpoouro 
eonditlono  ooooelotod  with  low  oltitudo 
flying  oporotlono  In  tho  United  Stotoo. 

It  Inoludoo  dooorlptlon  of  oinglo  event 
end  cumulotlvo  noloo  ohoroctor lotleo 
onlquo  to  ouoh  flying  ootivlty  end 
dloeuoolon  of  rotlonolo  for  uoing  tho 
mooouro,  onoot  rotod  odjuotod  Ooy-NIght 
Avorogo  Sound  Level  for  predicting 
populotlon  onnoyonoo. 

INTROOUCTION 

Tho  U.S.  Air  Force  (USAF)  currently  hoo 
obout  BOO  trolning  routoo  in  tho 
continental  United  Stotoo  that  Involve  In 
oomo  caoeo  low  oltitudo  ovarfllghta  of 
populated  civilian  aroao  by  military 
aircraft.  Moot  of  tho  major  Air  Force 
commando  uoo  the  routoo  rogularly  for 
training  and  proflclanoy  axorclaea 
producing  rolatlvoly  high  lovola  of  noloo 
for  abort  durotlono  acattorad  oporadleally 
over  timo.  The  USAF  flloa  o  wide  variety 
of  alreraft  over  theoo  routoo  from  tho 
high  opaod  F-IB  to  tho  olow  flying  A-IO, 
from  tho  omal I  F-IB  to  the  largo  B-l.  Tho 
total  Impact  from  oil  oporotlono  in  o 
route  muot  bo  dooorlbad  by  on 
Environmental  Aooaoamant  procoao  before 
they  can  bo  uood.  Evaluation  of  the 
of  facta  of  tho  noloo  produood  from  theoo 
aircraft  oporotlono  on  the  oxpooad 
populatlono  Involvoe  two  major  dlmonalono. 
Tho  firot  dlmonolon  la  the  definition  of 
tho  phyoloal  parainatara  of  the  noloo  ouoh 
ao  lovol,  duration,  freouancy  oontant. 
onoot  rata  of  the  event .  and  numbora  of 
oporotlono  and  tholr  location  rolatlva  to 
noloo  aonoltlvo  aroao.  Tho  other 
dlmonolon  la  o  doaorlptlon  of  the 
potential  offooto  thlo  noloo  hoo  on  people 
ouoh  oo  onnoyanoo.  ootivlty  intorfaronca. 
and  aloep  dloturbanco. 

The  USAF  uoaa  the  energy  oqu I  volant 
contlnuouo  oound  I  oval.  Log (24)  and  ltd 
aoaoolato  Ldn  (24-hour  Log  with  o  10  dS 
nighttime  penalty)  for  dooerlblng  the 
noloo  around  I  to  air  baoao.  Tho  Percent 
Highly  Annoyed  (XHA)  lo  then  uood  to 
moaouro  the  affect  on  the  conmunlty.  Thlo 
hoo  boon  a  very  of  foot  I ve  tool  for  the 
USAF  and  many  othoro  for  evaluating  tho 
offooto  of  alroroft  noloo  around  olr  booeo 
and  alrporto.  Indeed  In  attitude  otudloo, 
oonduotad  worldwide,  the  poroontage  of 
poop  I o  who  fool  highly  annoyed  whan 
axpooed  to  oqual  Ldno  of  aircraft  noloo  lo 
In  ramarkablo  agraomont.  Studloo  hove 
oloo  ahowr,  thlo  oomo  rooult  for  military 


aircraft  flown  at  USAF  booeo.  But  there 
are  oavaral  faotora  that  make  noloo  from 
military  aircraft  operating  on  training 
routoo  aubatant I o I  I y  different  from 
aircraft  noloo  around  alrporto  or  military 
air  baoao. 

1.  NOISE  MEASUREMENTS 

To  define  tho  dlffaranoao  In  the  acouatio 
aignaturaa  batwoan  aircraft  operating 
under  Military  Training  Route  (MTR) 
eonditlono  and  typical  air  baea  operating 
eonditlono,  a  ear  lea  of  nolaa  maaauramanta 
ware  made  at  Nr Ight-Pattoraon  AFB  In  Ohio 
and  Edwardo  AFB  In  California.  Theoa 
maaauramanta  ware  made  on  aovaral  typao  of 
military  aircraft  at  typical  MTR  opaado 
(up  to  5B0  Knoto) ,  currant  MTR  altitudaa 
(down  to  160  m  Above  Ground  Laval,  AGL) , 
and  propoaad  flight  altitudaa  (down  to  30 
m  AGL).  FIguro  I  la  a  eomparlaon  of  the 
acouatio  eignaturoe  for  an  F-4  aircraft  of 
a  typical  MTR  flight  operation  varoue 
nolaa  from  an  operation  near  an  airbaao 
(abbravlatad  In  the  following  'airbaao 
nolaa*).  The  maximum  nolaa  level  for  the 
MTR  operation  la  eonoldarably  higher  than 
for  the  airfield  operation  and  haa  a 
dramatic  ineraaao  In  the  onaat  rata.  Not 
only  are  thoaa  lavelo  higher,  but  they 
uaually  occur  In  aroao  where  the 
background  nolaa  la  laoa  than  that  In 
which  typical  airfield  fllghta  operate. 
Tharaforo,  the  aircraft  aignal  to 
background  nolaa  ratio  or  Intrualon  level 
for  the  MTR  nolaa  axpoaura  will  bo 
aubatant lal I y  greater  and  parhapa  lead  to 
a  grootor  annoyance  raeponaa  than  for 
conventional  a  I r por t/a  I  rbaaa  nolaa 
axpoaura. 

Baoauaa  of  the  rolatlvoly  low  altitudaa 
flown  along  MTRo,  the  higher  level  nolaa 
may  have  a  major  Impact  on  comnun I t I oo . 
Table  I  la  a  eomparlaon  of  moaoured  nolaa 
lavala  from  theoa  low  altitude-high  apaad 
atudlea  that  ahowa  the  dlfferonca  batwoan 
typical  alrbaoa  and  MTR  operatlona.  Thaaa 
aircraft  nolaa  lavala  often  axcaad  100  dB 
which  la  aufficlant  to  induce  aomo 
atructural  vibratlona  In  realdancoa. 
Oceaalonally  thaaa  can  bo  porcaived 
directly  ao  vlaual  or  tactual  atimull,  or 
Indirectly  ao  rattling  of  looao  objucta. 
Stud  lea  have  Indicated  that  nolaa  Induced 
rattlaa  have  a  elgnlflcant  affect  in 
incroaalng  tha  annoyance  reaction.  Alao 
the  Incraaoad  nolaa  lavala,  rapid  onoot  of 
tha  olgnal  and  relatively  large 
a Igna I -to-no I aa  ratloa  can,  depending  on 
c i reumatancaa,  contribute  to  atartia 
which,  in  turn,  contrlbutao  to  Incraaaad 
annoyance . 
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Tatola  I.  MTR  vs  AIrbasa  Oparatlon  Noisa  Lsvals* 
AIRBASE  OPERATION 
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4 
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96 
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MTR  OPERATION 
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Power  Altituda 

Airspeed  Max 

A-taval 
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Onset  Rata 

(m) 

(Kts) 

(dBA) 

(dS) 
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F-4 

89  XRPM 

60 

SCO 
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81 

F-16 

84  XRPM 

60 

500 

112 

108 

54 

8-1 

98  XRPM 

60 

680 

121 

117 

80 

8-620 

1 . 5  EPR 

60 

340 

113 

1 12 

28 

•  Onsst  Rata  eompi'tad  from  tha  1/8  aac  Intagratlon  tims  histary 
S  dBA  abovs  amblant  to  S  dBA  from  Maximum  A-iwolghted  laval. 
a  All  valuaa  ars  for  axpoauraa  diraetly  undar  tha  flight  track. 


2.  TRAININQ  ROUTE  US£ 

Tha  primary  uaars  of  USAF  MTRa  ara 
Tactical  Air  Cormiand  (TAC)  and  Stratagic 
Air  Conmand  (SAC).  TAC  basically  utlllzaa 
tha  routas  with  Its  high  parformancs 
aircraft.  Ilka  tha  F-IS  and  F-te  for 
training  In  low  altituda  Tarrain  Avoldanca 
(TA)  and  Tarrain  Following  (TF)  axarclaas. 
SAC  uaaa  thair  routsa  primarily  for  low 
altituda  psnatratlon  runs  with  bombar 
aircraft  (8-62  S  8-1)  to  a  praaalaclad 
targat.  Although  TAC  and  SAC  ara  tha 
primary  uaara,  tha  Military  Airlift 
Conmand  (MAC) ,  Air  Fores  Raaarvs  (AFRES) , 
Air  National  Guard  (ANO) ,  and  tha  Alaskan 
Air  Command  (AAC)  uas  tha  routsa  davalopsd 
by  TAC  and  SAC  and  ars  bag  Inning  to 
davalop  routas  for  thair  own  usa. 

Tha  USAF  undar  contract  to  Wyla 
Laboratcrlas  has  eonductad  savaral  studios 
to  battar  dafino  tha  typa  of  oporatlons 
and  track  d I  spars  Iona  along  MTRa  (raf  I  6 
2).  FIgurs  2  shows  a  typical  SAC  low 
altituda  TF  oparatlon  with  a  stags  length 
of  240  to  400  kllomotsrs  with  minimum 
halghts  of  batwasn  100  and  300  maters 
above  the  ground  (AGL) .  SAC  has  four 
major  routes  similar  to  this  that  are 
flown  by  tha  8-62  aircraft  batwson  1000 
and  1600  times  par  year.  MTRs  are  about 
sight  kllomatara  wide  for  SAC  routas  and 
20  kllomatara  wide  for  TAC  routes. 

Aircraft  fly  thaaa  routes  In  tha  same 
direction  creating  a  serial  stream  of 
nolaa  axposuraa.  Tha  aircraft  will  ba  at 
tha  same  altitude  and  alrapasd  for 
ralativaly  long  parloda  of  time  before 
changing  to  a  naw  condition  at  a 
navigational  point.  Tharafors  to  svsiuats 
tha  total  Impact  of  a  particular  route  one 
nned  only  avaluata  a  cross  section  of  aach 
of  thaaa  aagmants.  This  approach  asaumas 
that  tha  aircraft  noisa  Is  propagatad  ovar 
a  ralativaly  flat  tarrain  and  shielding 
affects  ara  not  conaldarad. 

The  SAC  pilots  and  navigators  ara  scorad 
by  thair  ability  to  fly  vary  precise 
bombing  runs.  Tharafors  they  tend  to  fly 
vary  close  to  tha  routs  center  I  ins. 
Convsraaly  TAC  pilots  try  to  avoid 


datsotlon,  eonsaquantly  they  have  a  more 
even  distribution  ovar  tha  entire  routs 
width  (Figure  3).  Msaauramants  of 
dispersion  from  the  track  cantarllns  ware 
mads  for  approx Imataly  one  month  aach  at 
ona  SAC  routs  and  two  TAC  routas.  Tha 
maasuramants  on  thaaa  SAC  and  TAC  routas 
shows  that  the  lateral  dispersion  of  tha 
aircraft  relative  to  tha  routs  cantarllns 
Is  a  Gaussian  distribution.  For  tha  SAC 
routas  the  standard  deviation  Is  about  BOO 
matai  s  (.6  statute  mils).  For  the  TAC 
routas  where  the  aircraft  follow  a  single 
dominant  track  tha  standard  deviation  la 
about  2000  maters  (1.26  statute  miles). 

For  tha  TAC  routes  where  tha  aircraft 
follow  savaral  tracks  tha  distribution  Is 
the  sum  of  the  dispersion  about  each  of 
thaaa  tracks.  If  multiple  tracks  ara  used 
but  tha  location  of  tha  tracks  ara  not 
knovm,  the  lateral  dispersion  can  bo 
sstimatad  so  Gaussian  about  tha  routs 
cantarllns  with  a  standard  deviation  of 
slightly  over  4000  mater  a  (2.5  statute 
ml  laa) . 

FIgurs  4  Is  a  cross  section  of  an  MTR 
sagmont  showing  tha  average  Sound  Exposure 
Laval  (5EL)  valuaa  from  a  typical  TAC.  MTR 
operation.  This  figure  shows  that  although 
diraetly  undar  the  flight  track  thora  arw 
vary  high  SEL  lavels,  those  drop  off 
rather  quickly  at  ground  locations  off  to 
tha  side  of  tha  flight  track.  In  300  - 
600  motars  (1000  -  2000  ft)  offtrack,  tha 
noisa  lavala  can  drop  off  by  20  to  30  from 
tha  maximum  noise  laval  for  a  single 
flight  directly  ovarhaad.  This  rapid  drop 
off  la  attributable  to  two  factors. 

First,  tha  slant  diatanca  to  the  aircraft 
Ineraasas  rapidly  for  offtrack  ground 
locations  due  to  tha  low  altituda  of  the 
flight.  Second,  tha  elevation  angle  to 
tha  flight  track  from  low  altituda  flights 
causes  a  rapid  transition  from 
A I r-to-Oround  propagation  to 
Ground-to-Ground  propagation  conditions. 
This  attenuates  the  sound  lavels  more  as 
Excess  Sound  Attenuation  lossas  In 
addition  to  those  from  sphar leal  spreading 
and  atmespharle  absorption  affects  coma 
Into  play.  Along  with  the  levels  dropping 
off  rapidly,  the  onset  rata  also  falls  off 
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rapidly  with  ineraasing  lataral  diatanca 
(FIgura  B> .  Thia  dacraaaaa  tha  potantlal 
for  atartia  and  will  eauaa  laaa  annoyanoa 
at  thaaa  offtrack  altaa. 

3.  MIB  HUMAN  BESPONSE  5T»JBi£a 

Tha  USAF  haa  conducted  aavaral  axparlmants 
Inhouaa  and  under  contract  to  axamlna  the 
raaponaa  of  paopla  to' MTB  nolaa  axpoauraa 
(rafarancaa  4  B  6) .  One  of  the  moat 
Important  faetora  aaama  to  ba  tha  onaat 
rata  of  tha  ftyovara.  In  a  aarlaa  of 
In-houaa  atudlaa  USAF  raaaarchara  axamlnad 
tha  question  of  whathar  high  onset  flyover 
noise,  typical  of  MTRs,  contributes  mors 
annoyance  than  equal  energy  low  onsat  rats 
noise.  Forty-nins  aubjaots  wars  tastad  in 
four  laboratory  axparlmants.  Tha  subjects 
in  sxpsr Imant  I  wars  voluntaars,  military 
and  olvlllan,  ranging  In  ago  from  22  to 
6B.  Ths  remaining  3  atudlaa  wars 
eonduotsd  using  paid  aubjaeta  consisting 
of  mainly  col  lags  atudants  and  houaawlvas. 
Each  subject  axparlonoad  all  conditions 
within  a  particular  study.  All 
axparlmants  wars  daaignad  to  compare  24  hr 
aqual  anargy  axpoaura  of  low  onast  rata 
flyovers  with  high  onsat  rata  flyovers. 

In  thaaa  axparlmants  tha  subject  sat 
batwaan  two  banka  o’,  apaakara  and  tha 
flyovers  aaamnd  to  pass  over  hla  head  In  a 
front  to  back  diractlon.  Tha  nolaa  source 
eonalatad  of  racordinga  of  flyovers 
maaaurad  at  Wr Ight-Pattaraon  AFB.  A 
background  nolaa  level  of  4B  dBA  wan  uaad 
for  all  axparlmants. 

Tha  annoyanea  reported  by  aubjaeta  after 
aaoh  almulatad  airoraft  flyover  was  tha 
moat  sansitiva  maasura  of  low  versus  high 
onsat  rata.  Tha  rasults  Indlcata  that 
onsat  rate  contributes  annoyanea  that  adds 
to  tna  annoyanoa  produced  by  tha  acoustic 
laval  of  tha  flyover.  A  aarlal  aaareh 
task  par  formed  during  tha  last  thras 
axparlmants  anhane.id  ths  annoyanea 
reaction  to  high  onaat  rata  flyovers.  Tha 
annoyance  msaauras  showed  a  statistical ly 
significant  dlffaranca  batwaan  high  and 
low  onaat  rata  conditions  across  all 
axparlmants.  This  dlffaranca  was  shown  at 
ths  hlghaat  76  dB  Leq  laval  In  sxpsr imant 
I  and  at  both  the  72  and  66  dB  Laq  lavals 
of  axpar Imant  2.  FIgura  6  ahows  tha 
results  of  thaaa  axparlmants.  In 
axpar Imant  I  ths  graataat  dlffaranca 
batwaan  conditions  with  aqual  Laqs  was 
obtainsd  for  ths  hlghaat  laval  of  76  dB. 

In  axpar imant  2  It  can  ba  ssan  that  both 
high  onset  rata  conditions  ware  ratsd 
highsr  than  thair  squivalant  anargy  low 
onaat  rata  condition.  In  axpar imant  3, 
all  four  conditions  had  an  Laq  of  67  dB 
and  tha  dlffaranca  batwaan  conditions  was 
onaat  rata.  For  the  mean  annoyance  based 
on  axpoaura  to  the  four  flyovers  during  a 
16  minute  period,  tha  three  hlghaat  onsat 
rata  conditions  wars  all  significantly 
diffarant  from  tha  lowaat  onast  rata.  In 
axpar Imant  4,  a  paired  comparison  test  was 
uaad  to  compare  onaat  rates  within  a  SEL 
value.  Tha  highest  onsat  rats  within  a 
SEL  level  waa  rated  as  more  annoying.  In 
moat  caaas  It  waa  rated  significantly  more 
annoying  than  at  least  one  of  tha  lower 
onsat  rates  laval.  However,  no 


significant  diffsrancss  In  annoyanea 
ratings  wars  obtained  for  tha  dlffaranca 
batwaan  ths  two  lowar  onsat  rata  values. 

Tha  overall  results  provided  support  for 
an  Inter Im  matr ic  propoaad  aarllar;  that 
tha  Sound  Exposure  Laval  ba  corractad  by 
16.6  log  (onsat  rata/16  dBA  par  second) 
for  onsat  rates  batwaan  16  and  30  dBA  par 
aaeond.  Ths  results  of  the  moat  recant 
atudy  suggast  that  tha  penalty  Is  naadad 
but  It  may  ba  nacssaary  to  extend  tha 
penalty  beyond  3C  dBA  par  aaeond.  More 
research  la  naadad  to  datarmlna  exactly 
how  a  final  matric  for  high  onsat  rata 
nolaa  Is  to  be  appi  lad. 

Tha  USAF  under  contract  to  Wyla 
Laboratories  oonduotad  and  la  currently 
conducting  various  Laboratory  atudlaa  to 
datarmlna  tha  key  psyohoaooust le 
paramatsra  asaoelatad  with  MTR  flyovsr 
nolaa  axpoaura.  Ths  paramatars  that  are 
being  studlad  ara  Onset  rata.  Decay  rata. 
Duration.  Laval,  Direction  of  aound 
sourcs.  Expaotatlon,  and  Indoor /Outdoor 
axpoauraa.  A  basic  sat  of  twelve  atarao 
aound  racordinga  was  prepared,  consisting 
of  four  typaa  of  military  airoraft  with 
various  onast  ratas  plus  one  olvll 
aircraft.  Thaaa  airoraft  flyby  sounds 
wars  praaantad  at  tour  sound  lavals  to 
aubjaeta  In  an  Indoor  llataning  facility 
and  at  an  outdoor  facility.  Indoor  sounds 
(from  96  to  66  dB  SEL)  ware  filtered 
according  to  a  typical  outdoor/ I ndoor 
rssidantlsl  nolaa  reduction  curve.  Sounds 
wars  praaantad  In  random  order,  at  random 
tlma  Intarvals,  and  random  approach  from 
either  In  front  of  or  behind  the  aubjaots. 
Subjects  rated  aaoh  sound  on  a  aavan-point 
word  annoyanoa  seals  with  two 
out-of-bounds  salaotlons  available  for  a 
total  nine-point  acala.  Two  companion 
axparlmants  ware  performed  at  the  outdoor 
facility  (from  116  to  86  dB  SEL).  Thaaa 
axparlmants  used  mod  If  lad  military 
aircraft  sounds  with  particular  onset 
ratas  from  6  to  100  dBA/sacond  and  daoay 
ratas  from  2  to  30  dBA/sacond. 

Participants  In  thaaa  axparlmants  wars 
drawn  from  tha  local  araa  around  Langley, 
Virginia.  Thirty-six  subjects 
participated  In  tha  Kama  I  axpar  Imant  that 
eonalatad  of  2  aasslona  aaoh.  Indoors  and 
outdoors.  Twenty-four  aubjaeta 
participated  In  an  onnat  rata  spaolflo 
study  that  eonalatad  of  2  sasaiona 
outdoors.  Another  24  aubjaeta 
participated  In  tha  indapandant  variable 
axpar Imant  that  also  eonalatad  of  2 
outdoor  atudlaa.  Each  session  had  six 
participants  par  session  that  lasted  two 
hours  and  had  48  to  CO  flyover  axpoauraa 
with  a  tan  mlnuta  break  batwaan  aaaalons. 
Tha  participants  wars  Instruetad  to  read 
magazinaa  for  thair  tasking.  An  analysis 
was  mads  to  ssa  which  mathodo I og I ca I  and 
paychoaeouat le  af facta  showed  a 
significant  variance.  All  tasta  for 
aignificanoa  wars  at  tha  alpha  ■  0.06 
level.  For  the  mathodo I og lea  I  affects,  no 
slgniflcanca  waa  found  for  rapatition  I  vs 
2,  front  va  back  approach,  or  interact  Ions 
of  affects.  Significant  variance  was  found 


I  Tabla  2.  MTH  annoyanca  affaeta 


EFFECT  1 

R“ 

SLOPS 

Sound  Laval  (SEL,  dB) 

.613 

.  164 

Onset  Rats  (dB/aso) 

.079 

.009 

Daoay  Rato  (dB/sao) 

.081 

.027 

Total  Duration  (sap) 

.023 

-.010 

Slopaa  ara  ANNOYANCE  SCORE  PER;  dB  for  SEL 

Logfrata)  for  rataa 
Saoonda  for  duration 

All  varlablaa  ara  algn If  leant  at  O.OB  luval . 


for  outdoora  va  Indoora.  groupa  of  6 
part lo Ipanta,  and  for  Individuala. 
Significant  varlanca  waa  round  for  all  tha 
payohoacouat lo  affaeta  of  Sound  Laval. 
Onaat  Rata,  Oaeay  Rata.  Total  duration, 
lO-dB  do«m  duration,  and  Intaraotlona. 
Tabla  2  ahowa  tha  prailmlnary  raau'to  of 
tha  I Inaar  ragraaalona  for  thaaa  data. 

This  tabla  ahoMO  that  aound  laval  aooounta 
for  tha  majority  of  tha  annoyanca  raaponaa 
but  onaat  and  daoay  rataa  do  hava  a 
maasurabla  affaot.  Although  In  tha 
laboratory  studlao  tha  onaat  and  daoay 
rataa  hava  tha  sama  laval  of  affaot.  In 
tha  MTR  anvlrorynant  a  typical  nolaa 
aignatura  will  alwaya  hava  a  ataapar  onaat 
than  dacay  rata.  Although  not  complata. 
thaaa  studlaa  ahow  that  annoyanca  raaponaa 
to  MTR  nolaa  la  aigni f Icantiy  diffarant 
from  raaponaa  to  moat  airbaaa  typa 
aircraft  nolaa, 

A.  UiM  METRIC 

Tha  typical  uaa  of  MTR  routaa  laada  to 
anorhar  Important  diffaranea  from  airbaso 
opara'c  Iona.  MTR  oparatlona  hava  a 
ralativaly  low  oeeurranea  on  a  dally  baala 
and  can  hava  atraam  mlaalona  with  aarlal 
aapoauraa  of  fiva  to  tan  aircraft  flyovara 
with  approx Imatal y  16-mlnuta  spacing 
batwaan  flyovara.  Sporadic  nolaa  axpoaura 
of  *.hla  typa  haa  not  boon  raprasantad  In 
any  pravlous  atudlaa  eonduotad  on  raaponaa 
to  aircraft  flyovar  nolaa.  Tha  Ldn  -  XHA 
approach  aaaumao  ati  laaat  a  certain  numbar 
of  flights  on  a  dally  basis.  Soma  ouggaat 
that,  at  a  minimum,  thara  muat  ba  ona  to 
thraa  dally  nolaa  avanta  for  the  Ldn  -  XHA 
ralatlonahip  to  bo  valid.  Thia 
ralatlonahip  currently  haa  no  provision  to 
eovar  flights  that  occur  ovary  third  day, 
waakly,  monthly,  or  ganarally  with  a 
sporadic  pattarn. 

In  a  ravlaw  (raf  3)  of  tha  origin  and 
domain  of  tha  Ldn  matrlo,  Wyla  Laba 
axamlnad  aavaral  major  soo I oaoouat le 
studios  and  found  that  fundamantal I y  all 
tended  to  support  a  10  LogioN  event  factor 
(a  rango  of  8  to  12  timos  LogioN  could  ba 
supported  by  thaaa  studlaa).  In  tha 
United  Kingdom  airports  study,  this  Is  of 
aignificanca  a  Inca  It  auparaadaa  tha 
earl  I  or  studios  which  had  supported  the  IS 
LogioN  adjustment.  Figure  7  shows  the 
range  of  numbar  of  avanta  and  I  avals  that 
Thaaa  studios  covarad.  Although  no 
communiry  raaponaa  studlaa  hava  bean  dona 
In  tha  range  of  typical  MTR  axpoauraa 
(upper  left  of  Figure  7),  thara  ara 
credible  studlao  at  comparable  aound 
I  avals  and  higher  numbar  a.  and  at 


comparsbis  nuirbars  and  lower  I  avals. 
Tharafora,  It  saama  raasonsbis  to 
axtrx.olata  Into  tha  MTR  domain  from 
althar  sound  laval  or  nianbar  of  avanta. 
Baeausa  of  tha  sporadic  nature  of  an  MTR 
axpoaura  tha  USAF  haa  auggsstad  computing 
tha  Ldn  ovar  tha  busiest  (calandar)  month 
within  any  givan  year.  This  Is  baeauaa 
training  phssaa  or  axarelsas  can  exist  for 
periods  of  weeks  or  months  and  than  quit. 
This  ersatss  a  situation  whara  the  annual 
average  will  undarsstimata  tha  Impact  of 
these  operations.  Thaaa  two  factors, 
onsa:  rata  and  monthly  operations,  ara  tha 
only  deviation  frame  pure  Ldn  that  tha 
USAF  I.e  using  for  predicting  tha  community 
annoyanca  from  MTR  operations. 

5.  eaMftSE 

Asida  from  annoyanca.  tha  other  major 
factor  to  ba  considarad  In  evaluating  tha 
Impact  of  tha  nolaa  from  combat  aircraft 
training  araas  Is  potential  hearing 
damaga.  The  USAF  position  with  regard  to 
assassing  the  risk  of  hearing  damaga  Is  to 
use  tha  ISO  Standard  t99B  (1990)  (raf  8). 
This  stanrf^rd  provldas  guldanea  for  the 
prediction  of  potential  hearing  Impairment 
from  dally  axpoaura  te  steady, 
fluctuating,  or  Imputaivs  type  nolaa.  It 
was  approved  by  the  overwhelming  majority 
of  all  countrlss  voting  on  It.  Tha 
standard  allows  ths  calculation  of  tha 
statistical  distribution  of  the 
no  Isa- 1 nducad  psrmant  hearing  loss  to  bo 
axpactod  In  a  population  expar lancing 
axpoaura  to  various  sound  prsaeura  lavala 
ovar  par.ods  from  zero  to  forty  yaara. 

Tha  ra-somnandst  Ions  of  this  standard  ara 
axtanslons  of  a  vary  large  data  base  of 
tha  affaeta  of  nolaa  on  human  hearing. 

Figure  8  shows  an  eight  hour  Lsq  plottad 
against  tha  log  number  of  events  for  SELa 
of  ns,  110,  108.  and  100  dB.  Tha  actual 
number  of  avanta  ara  shown  abova  each  data 
point.  Twanty-nlna  avanta  at  a  SEL  of  116 
dB  gives  an  Laq(Bh)  of  86  dB  wh I  I  a  9 1 1 
avanta  are  nscaasary  ar  a  SEL  of  100. 

This  86  dB  Laq(8h)  level  Is  tha  level 
where  lass  than  a  10  dB  Nolaa  Induced 
Permanent  Threshold  Shift  (NIPTS)  would  ba 
expected  In  the  mo4t  sensitive  lOX  of  the 
population  for  th/b  frsquanclas  of  0.6.  1, 

2.  3,  4,  and  6  kMz  after  a  40  year  dally 
axpoaura  according  to  ISO  Standard  1999. 
Although  not  lncludad.^n  Figure  8,  It  can 
be  shown  that  3  fll^^ta  with  a  SEL  of  126 
d8  would  ba  neadae^' te  produce  an  Laq(8h> 
of  86  dB.  It  would  tako^jin  F-4  flying  at 
100  ft  AGL  directly  ovarha3tK:|0  obtain  an 
SEL  of  126  dB  which  would  be  afP'apc  idental 
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■xposura.  It  la  important  to  raeooniza 
that  thaaa  valuaa  ara  for  lovola  dlraetly 
Impinging  on  tho  human  aar .  If  a  paraon 
«»ara  Inalda  a  building  thaaa  lawala  would 
bo  attanuatad  by  10  to  30  dB  dopanding  on 
tha  atructura.  A  loo  In  ordor  to  raaoh 
thaaa  high  nolaa  I  aval  a  all  of  tha 
ovarfllghta  would  hava  to  fly  dlraetly 
ovar  tho  Individual.  Although  thaaa 
highar  SEL  lovola  haVa  boon  raoordad  for 
ainglo  low  I  aval  paaaaa,  thaaa  I  aval  a  of 
axpoouro  (to  obtain  an  SB  dB  Loq(8)>  hava 
navor  boon  obaorvad  or  decuman tad  on  a 
continuing  baala  from  any  MTR  oporatlona. 
It  la  alao  Important  to  raalita  that 
according  to  ISO  1999.  thia  SB  dB  Loq<8h) 
can  occur  for  at  laaot  B  daya  a  moak  (tha 
work  waak) ,  ovary  wook  for  40  yaara  bofora 
thla  rathar  low  laval  of  parmanont  hoaring 
damaga  la  raachad. 

To  further  oxamlna  tha  potential  for 
hearing  damaga  from  MTR  oporatlona,  tha 
USAF  la  ourrantly  conducting  an  inheuaa 
atudy  to  look  for  Tamporary  Thraehold 
Shifta  (TTS)  eauaad  by  MTR  nolaa 
axpoauraa.  Tha  aama  record  Inga  uaad  In  tha 
pravlouo  atudlao  will  ba  uaad  with 
progranmabla  attanuatora  to  control  tha 
oxpoaura  level  at  tha  aar.  Currant  plana 
ara  for  30  aubjaota  to  ba  axpooad  to  MTR 
flyover  nolaa  algnaturaa  at  lavala  up  to 
128  dBA  maximum  laval.  Audlograma  for 
aaoh  aubjact  will  ba  collactad  before  and 
after  each  of  thaaa  taata  looking  for  TTS. 
If  no  TTS  la  found  In  any  of  tha  30 
aubjacta  tha  teat  will  ba  expanded  to 
Include  more  aubiaeta  and  multipla 
axpoauraa.  Thaaa  taata  ara  currently 
achadulad  to  ba  eomplatad  In  Oaoambar 
1991 . 

mmm  aaa  coiKms.i«?r< 

In  eonoluaion,  wa  bal lava  that  MTR  type 
nolaa  axpoauraa  ara  different  from  typical 
airbaaa  nolaa  axpoauraa  and  raquira  a 
modification  of  tha  procedure  to  relate 
annoyance  to  Ldn.  Thla  alteration  la 
naadad  to  account  for  the  Increaaed 
annoyance  eauaad  by  the  rapid  onaat  rata 
of  MTR  nolaa.  Although  thaaa  diffaranoaa 
ara  moat  pronounced  directly  undar  tha 


aircraft.  It  ahould  ba  noted  that  thla 
onaat  rata  daeraaaaa  vary  quickly  aa  tha 
lateral  offaat  diatanea  to  tho  flight 
track  la  Incraaaad.  Tha  pral Imlnary 
findinga  of  our  atudlea  ahow  that  although 
a  penalty  for  high  onaat  rataa  la 
warranted.  It  la  not  clear  what  tha  exact 
laval  or  range  of  the  penalty  ahould  ba. 
Due  to  tha  aporatic  nature  of  tha  MTR 
oparatlona,  wa  bal lava  that  tha  Ldn  matrle 
naada  to  ba  Integrated  over  a  calahdar 
month  of  tha  MTRa  buaiaat  oparatlona.  To 
evaluate  any  potantlal  hazard  to  hearing 
wa  bal lava  that  tha  racomnandat Iona  of  ISO 
atandard  1999  ara  tha  beat  data  available 
to  deaorlba  tha  impact  from  MTR 
oparatlona.  Evan  though  wa  do  not  think, 
baaad  on  thla  atandard,  that  hearing  loaa 
la  or  will  ba  a  problem  from  praaant  day 
nufflbara  and  lavala  of  ovarfllghta,  wa  ara 
conducting  atudlaa  to  further  addraaa  thla 
quaat Ion. 
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Figure  7.  Sound  Exposure  Level  and  Number-of-Events  Domain 
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Discussion 

QUESTION  BY:  R.A.  Plnk«r,  RAE  Pyaatock,  UK 

Pleaaa  could  you  define  your  oecric  'onset  rate”? 

AUTHOR'S  RESPONSE: 

Onset  rate  is  a  measure  of  the  suddenness  of  the  acoustic 
signal  from  an  approaching  aircraft  measured  In  dBA  per 
second.  Specifically,  we  calculate  the  onset  rate  from  the 
acoustic  time  history  by  measuring  the  time  when  the  signal 
la  SdB  above  the  background  level  to  the  time  of  the  peak  A- 
level.  The  difference  In  these  two  levels  Is  then  divided  by 
this  time  difference  to  obtain  the  slope  of  the  rising 
signal.  This  Is  the  onset  rate.  Ue  only  compute  an  onset  rate 
If  the  background  to  peak  difference  is  greater  than  ISdBA. 
If  the  peak  Is  not  on  the  uprising  slope  then  the  computation 
la  made  from  a  point  SdBA  below  the  peak. 


BBIIIT  BX8  AVZ0H8  D2  COMBAT  A  PROAIMITZ  DES  BASES  AERIEHNES 
-RavuA  daa  poaslbllitAa  da  rdduction  du  bruit  A  la  aourca- 

par 

D.C0I.L1N,J.JUU.IA]U>  at  O.RIOU 
(SMBCMA.Vlllarocha.  77SS0,  Franca) 


RE80MB 


Laa  opAratlona  affactudan  par  laa  avlona  da 
coaibat  aont  aourca  da  nu;i.aancaa  pour  laa 
populattona  aitudaa  A  p>.oalaltA  daa  baaaa 
aArlaanaa.Il  apparalt  qua  la  bruit  da  jet 
cooatltua  la  aourca  da  bruit  doalnanta  au 
eoura  da  la  quaal  totalltA  daa  opAratlona 
coneamAaa. 

Laa  autaura  propoaant  d'aborder  la  quaatlon 
da  la  rAduetlon  dea  nulaancaa  aonores 
corraapondantaa  on  utlllaant  I'expArlanca 
acqulaa  par  la  SNECMA  au  coura  da  plua  da 
vlnqt  annAaa  da  racnorchea  aur  la  bruit  daa 
turborAactaura  civil a, at  notaaaant  du 
111  iiiji  aaaia  da  tranaport  auparaonlqua 
Concorda.  b'laportanta  baaa  da  donnAaa 
aapArlaantalo  rAaultant  da  caa  Atudaa  a 
paxala  da  dAvaloppor  at  d'Avaluar  aAthodaa 
da  prAvlalon  at  aolutlona  da  rAduetlon  du 
bruit.  Laa  dlffArenta  aAcanlaaoa  at  aourcaa 
da  bruit  algnlflcatlfa  aaront  done  paaaAa 
an  ravua  alnal  qua  laa  poaalbllltAa  do 
rAduetlon  at  d'aaAlloratlon  aetuallaa  ou 
f uturaa . 


1.0  IHTRODOCTIOW 


SI  on  aaalata  A  1 '  Aaarganca  da  nouvaaua 
problAaaa.llAa  au  caraetAro  partlcullar  daa 
opAratlona  propraa  aux  avlona  da  coabat 
(vol  A  baaaa  altltuda  at  qrando  vltoaaa), 
at  qul  eoneamant  prlnclpalaaant  laa 
populatlona  da  aonaa  non  urbalnaa  on 
gAnAral  pou  habltuAoa  aua  nulaaneoa 
aoooraa.ll  n'on  roata  paa  aolna  qua  laa 
eontralntaa  da  volalnago  aaaoclAoa  A  uno 
urbanlaatlon  aana  coaao  grandlaaanta  no 
pauvant  plua  Atro  conaldArAea  coaaa 
I'apanaga  aaelualf  dea  aAroporta  clvlla. 
Dana  catto  optlqua, 1 'axaaan  du  bruit  gAnArA 
par  loo  alaplaa  opAratlona  da  dAcollaga  at 
d'attarrlaaage  dea  avlona  da  coabat  aeabla 
prAaanter  un  IntarAt  certain. 

81  I'on  coapara.A  tltra  d'eaenpla, 

1 ' eapralnta  au  aol ( Fig . 1 )  d ' un  avion  da 
coabat  au  dAcollaga,  A  calla  d'on  avion 
civil  do  150  placea  alnal  qu'A  calla  d'un 
autre  type  d' avion  allltalra  (ravltallleur 
lAra  at  2Aaa  gAnAratlon) , 11  apparalt  an 
affot  qua  aalgrA  dea  parforaancea 
aupArlourea  antralnant  una  trajectolro  plua 
favorablo  ,1a  nulaanco  raata  Idantlflabla. 
quolquo  nottaaant  rAdulta  par  rapport  A 
cello  d'un  quadrlrAacteur  do  prealAra 
gAnAratlon. 


L'aaaantlal  daa  racharchaa  acouotlquaa 
affactuAaa  dano  I'lnduatrla  ayant  AtA 
conaacrA.pour  ralaon  do  cortlflcatlon  daa 
avlona  clvlla, au  bruit  Aala  lora  daa  phaooa 
do  dAcollaga  at  d'approcha,!!  convlent 
d'oxaailnar  dana  quolla  naauro  coo 
anaalgneaanta  aont  appllcablea  aux  avlona 
da  coabat. 

AprAa  avoir  IdantlflA  laa  aourcaa  do  bruit 
doalnantaa  aur  daux  typoa  da  aotaur 
d' avlona  da  coabat, on  paaaera  done  an  revue 
laa  aolutlona  poaalblea  da  reduction  du 
bruit  du  point  da  vua  da  la  tecluiologle  dea 
noteura  clvlla  at  prlnclpaleawnt  du 
prograaaa  Olyapua  alnal  qua  dea  racharchaa 
aaaoclAaa  qul  furent  aenAaa  A  la  Snacaa. 


2.0  IDEMTIFICATIOW  DES  SOURCES  DE  BRUIT 
DOMIMAMTES 


Una  Atuda  a  AtA  condulta  aux  daux  aotaura 
Aqulpant  roapactlvaaont  un  chaaaaur 
aonaaotaur(Mlrago  2000/HS3)  at  un  blaotaur 
d’attaqua  au  aol  (Alphajot/Laraae) . 

Ella  a  conalatA  an  uno  caraetArlaatlon 
acouatlqua  dAtalllAa  affoctuAa  aur  banc 
d'aaaala  au  aol. 

Blon  qu'Atant  da  natura  at  da  conception 
fort  dlffArantea.caa  deux  aotaura 
prAaantant  cartalnaa  alallltudaa  dana  lour 
coaiportaannt  acouatlqua  (Fig. 2)  . 

L'Aad.aalon  du  M53,aonocorpa  double  flux 
avoo  rachauffo.aat  dcalnAo  par  la  bruit  do 
Jet  dAa  lea  condltlona  d'approcha. La  bruit 
Intama  at  la  bruit  da  aoufflanta  aArltent 
capandant  una  cortalna  attention  A  falbla 
pouaaAa. 

L'Aalaalon  du  Larxac, double  corpa  double 
flux  aana  rechauffo,poaaAdo  an  ravancho  la 
caractArlatlqua  d ' Atro  lAgAreaent  doalnAe 
par  la  bruit  Interna  danr  la  plage  da 
pouaaAa  correapondant  A  I'approcho  avant 
qua  la  bruit  da  jot  no  reprenna  la 
pr ApondAranca . 


81  I'on  aatlaa  qua  caa  obaervatlona 
a'appllquent  vralaaad>labloaent  A  I'lnauunaa 
aajorltA  dea  aoteura  actuelleaant  utlllaAa 
aur  lea  avlona  da  coabat, 11  a'aglt  done 
blon  da  conaldArar  an  prlorltA  la  bruit  da 
Jot  at  aaa  aoyana  da  rMuctlon. 


II  Sara  toutefols  saga  da  na  pas  ndgllger 
pour  autant  1' Importance  des  sources  da 
bruit  gtadralement  ragroupdaa  sous  la 
quallflcatlf  un  pau  vague  da  "bruit 
intama". 


3.0  SOLUTIOWS  ELAB0REE3  DAWa  LE  CADRIi  DES 
RECHEHCHES  SUH  TORBOREWCTEURS  CIVILS 


On  rappallera  dans  un  premier  teaq>a  qua  la 
prdponddranca  du  bruit  des  parties 
toumantes  sur  les  machines  civiles 
actuelles  a  conduit  a  1 'Elaboration  d'una 
technologia  da  points  dans  la  domaina  des 
structures  absorbantes  qua  ca  solt  sur  la 
plan  das  aEthodes  ou  calul  da  la 
fabrication  autorlsant  dEsormais  la 
rEalisation  da  structures  compleses  E 
plusiaurs  degrEs  de  llbertE  fort  efflcacea 
et  de  faibla  poids  grEce  E  1 ' Introduction 
da  MtErlaua  composites. 

Gael  s'accompagna  de  masurea  conservatoires 
prises  lors  des  phases  de  conception  du 
aotaur  afln  de  limiter  son  Emission  sonora. 

Toutefols, en  ca  qul  concema  les  sources  da 
bruit  EvoquEas  plus  haut  pour  lea  moteurs 
allltalrea.ce  aont  lea  Etudes  effectuEes  au 
dEbut  des  annEes  70  dans  le  cadre  du 
programme  Concorde  ainal  que  lea  recherches 
effectuEes  dans  son  prolongement  qui  aont 
lea  plus  E  mEmaa  da  foumlr  des  ElEments  de 
rEponaa  quant  aus  poaslbilltEs  rEellea  da 
rEdulre  la  bruit  des  avions  da  combat. 


3.1  Etudes  Sur  La  REduction  Du  Bruit  Da  Jet 


La  premlEra  legon  E  tlrar  das  Etudes  menEas 
dans  la  cadre  du  programma  Concords  eat 
dEsormais  blan  connua.Xl  s'agit  da 
I'lnfluanca  laq;>ortante  das  affats  da  vol 
sur  la  comportemant  das  sources  da  bruit 
(Plg.3) .Catta  observation  a  conduit  la 
Snacma  E  awnar  saa  Etudes  postErleures  sur 
das  moyens  d'essais  simulant  lea  conditions 
d'Ecoulemsnt  du  vol,soit  dans  un  preaUer 
temps  la  vEhlcula  expErlmental  AErotrain, 
puls  actuallemant  la  soufflerla  anEchoXqua 
CEPRA19.0'una  manlEra  plus  gEnErale,  catta 
expErlenca  a  contrlbuE  E  forger  une 
phllosophia  de  prudence  vis  E  via  des 
performances  da  tout  systEaM  rEducteur 
dEauntrEes  sur  la  papier  ou  lors  d'un  assal 
en  condition  atatiqua, lorsqua  la  bruit  da 
Jet  a:4t  inpllquE. 

Pour  catta  raison  ,saulas  seront  prEsentEes 
Icl  les  solutions  ayant  effectivement  fait 
I'objat  d'una  dEnonstratlon  en  vol  sur 
Concorde, trois  principales  directions  ayant 
EtE  anplorEea  Jusqu'E  catta  Etapa  dEciaiva. 

Solt: 

-  ,1  optimisation  dynamique  de  la 
gEomEtrle  de  la  tuyEre  secondalre 
en  fonctlon  des  phases  de  vol 

-  la  fonctionnement  du  moteur  avec  des 
sections  de  tuyEres  maxlules 

-  1 ' introduction  da  diaposltifa 
sllencieus  dans  le  Jet 


3.1.1  Effet  Da  La  TuyEre  K  PauplEraa 
{dlta  "28") 


La  rEductlon  masimala  du  bruit  lu  point  de 
contrdla  latEral  a  EtE  obtenua  an 
poaltlonnant  en  phaaa  Initlala  da  montEa 
las  paiipiEres  da  la  tuyEre  variable  E  un 
angle  da  30*  avant  reposltlonnenent  E  10* 
lors  da  la  phase  da  rEductlon  do  poussEa. 

La  braquaga  de  pauplEres  pemet  en  affet  de 
Jouer  sur  la  dlrsctivltE  da  1 'Emission 
sonore  du  Jet  par  plncement  de  celui-cl 
(Pig. 4).  SchEmatlquement.on  note  que  le 
pincemant  rEdult  I'Energle  acouatlque 
rayonnho  dans  le  plan  horixontal  pour 
I'accroltra  toutefols  dans  una  moindra 
BMsura  dans  la  plan  vertical. 

La  gala  obtanu  par  ca  dlsposltif  sur  la 
niveau  do  bruit  au  point  de  controla 
latEral  a  pu  Etra  EvaluE  E  2.S  EPNdB. 


3.1.2  Bffat  Da  La  Section  De  TuyEre 
Prlswiro  Variable 


L* adoption  d'una  configuration  de  tuyEre 
prlmalra  E  section  variable  a  permis  une 
rEductlon  de  bruit  trEs  aignificatlva  en 
autorlsant  la  fonctionnement  du  moteur  avec 
des  sections  d' Ejection  agrandies  pour 
rEdulra  la  vltessa  du  Jet  E  poussEa 
Constanta, E  I'excaption  blan  sur  de  la 
phase  da  montEa  initlala. 

Lea  masures  affaetuEas  sur  bane  volant  at 
plus  tard  sur  Concorda(rlg.S)  ont  montrE 
las  bEnEflces  Importanta  E  tirer  d'un  tel 
procEdE.ceol  s  ’ accompagnant  Evldeument  da 
modifications  Egalemant  Importantaa  da  la 
regulation  du  aotaur. 


3.1.3  Etudes  Sur  Las  Concepts  Do 
Dlsposltlfs  Sllonclaum 


Les  InconvEnlents  des  dlspositlfs 
ailencleux  suraJoutEs  sont  blen  connus. 
GEnEraleaent  pesants  et  volualneux.lls 
contrlbuent  E  augaenter  de  fagon 
significative  la  consomaation.Ils  sont  en 
outre  gEnErateurs  do  partes  de  poussEe 
importantes  et  la  compensation  nEcEssaire 
lea  aaputa  de  tout  ou  partle  da  leur 
afflcacltE. 

Afin  d'Evlter  touta  penalisation  da  trainee 
supplEmentalre  en  crolslEre  super soniqua, on 
s'est  orlentE  dEs  la  dEbut  du  programpw 
Concorde  vers  Is  dEveloppeaent  de  systEmes 
Internets  escaaotables  en  croisiEre  et  le 
systEsw  retenu  aprEs  une  multitude  d'essais 
au  sol  fut  le  systEno  dlt  "E  pellea" 
pouvant  foumlr  un  gain  estlmE  alors  E  4 
EPNdB  tout  en  llaltant  lea  pertes  de 
poussEe  E  environ  5%,ce  que  I'on  pensalt 
suffisant  pour  obtenlr  un  gain  appreciable 
en  vol. 


Las  assala  an  vol  da  ca  dispositlf  sa  sent 
hdlas  rdvdlds  aolna  proaatteura . En  affat 
pour  las  daua  gradients  da  aontda 
anvlsagesblea  dans  la  phase  da  reduction  da 
pouasde.aucuna  aadlioratlon  significative 
n'a  pu  dtra  obaarvSa  (Fig. 6)  at  la  systdaa 
fut  done  puraaent  at  siapleaent  abandonn*. 

Capendant  tin  vasta  prograaow  d'dtudea  fut 
entrepris  consdeutiveaent  afin  d'dtudiar 
plus  fineaent  la  coaporteasnt  du  bruit  da 
Jet  en  vol  at  d'approfondir  d'autra  part 
las  connalssancas  en  teraaa  da  bruit  at 
poussda  sur  divers  types  da  silencieua  dans 
I'optiqua  d'un  dventuel  transport 
suparsoniqua  da  deuxidaa  gdndration. 

L' utilisation  pour  ca  faira  du  vdhicula 
aapdriaental  Adrotrain(Pig.7)  a  parais  da 
s'affranchir  das  probldaea  causds.lors  du 
prograiBBa  Concorde, par  I'dvaluation  en 
condition  statiqua  das  diapoaitifs 
rdductaurs  da  bruit. 

L'Atuda  at  I'dvaluation  eapdriaentala  da 
pluaiaurs  concepts  a  parais  en  finale  la 
rdaliaatlon  d'un  allanciaux  dit  "41  Tubas" 
d '  aneoabreaant  ninianui(  rapport  da  la 
section  du  culot  sur  section  efficaca 
d'djection  dgal  A  3) ,  foumisaant  un  gain 
dgal  A  10  EPNdB  at  pouvant  attalndra  15 
EPKdB  loraqu'asaoclA  A  un  AJecteur  trait A 
(Plg.8). 

La  parta  da  pouaade  associAa.estiaAa  A 
8%,aitua  ca  type  da  silencieua  dans  un 
rapport  da  3dB  d'attAnuation  par  %  da  parta 
da  pouasAa.ca  qui  aead>la  Atra  dAsorauis  la 
tendance  gAnArala  si  I'on  sa  rAfAra  aua 
Infonatlona  publlAas  sur  la  sujat. 

II  sera  utila  da  aantlonner  enfln  qua, 
parallAleawnt.ca  prograaaa  AArotraln  aura 
conduit  A  poser  las  bases  da  la 
quantification  da  1 'affat  da  la  vltassa  da 
vol  relative  sur  la  bruit  da  aAlanga  telle 
qua  foraulAa  dans  I'ARP  876C,ainsi  qu'A 
Atablir  una  base  da  donnAes  expArlnantala 
utillsAa  postArleureaant  pour  la  validation 
da  la  soufflarla  CEPRA19. 


3.2  Etudes  Sur  La  RAduction  Du  Bruit 
Interne 


Las  caractAristiques  particuliArea  du 
aoteur  Olyapus  ont  Agaleaent  AtA  A 
1' origins  d'enseigneaents  sur  la  gAnAratlon 
da  ca  qua  I'on  a  voulu  dAflnlr  par  la 
notion  largo  da  "bruit  interna". 

En  affat  si  I'on  observe  la  coaporteaent  du 
aoteur  Olyapus  A  rAgiaa  partlal(rig.9),on 
constate  que  le  bruit  interna  exerce  una 
influence  grandissante  Jusqu'A  devenlr 
prApondArant  dans  las  conditions 
d ' approcha . 

Le  bruit  interne  fut  alors  dAfini  coaae  la 
diffArence  sur  tout  la  donalne  de 
frAquences  entre  le  bruit  total  Amis  par  le 
aoteur  at  le  bruit  d'un  jet  pur  qui 
correspondrait  aux  conditions  d'AJection 
Aquivalentes.posant  par  lA  aAae  le  bruit  de 
soufflante  ou  da  coapresseur  coasM 
nAgligeabla. 


Catta  dAfinltion  rAsultait  du  fait  qua  las 
diffArents  aecanisaea  gAnArataura  at 
surtout  leur  interdApendanca  Ataiant  alors 
trAs  aal  connus. 

Un  siapla  exeaple  lllustrera  cetta  notion 
d' interdApendanca  das  aAcanisaas 
gAnArateurs.il  tradult  1' affat  produit  sur 
I'Aalssion  sonora  da  1' Olyapus  593  par  la 
substitution  d'una  chaabre  annulalra  A  la 
chaabra  de  coabustion  d'orlgine(Plg.lO) . 
Alors  qu’a  priori  on  sa  serait  attendu  A 
das  aodlflcations  caractAristiques  dans  la 
partis  bassos  frAquences  du  spectre, 
gAnAraleaent  attrlbuAo  au  bruit  da 
coad>ustion,on  observe  Agaleaent  das 
aodlflcations  notables  du  doaaina  hautes 
frAquences. 

Unc  tentative  da  classification  des 
diffArents  aAcanisaas  fut  effectuAe  A  la 
siAaa  Apoqua.Elle  aattalt  en  Avldence  trola 
faalllsa  dlstlnctes(rig.ll) : 

-  las  sources  Internes, o'est  A  dire 
toutas  las  sources  nalssant  A 

1 '  IntAirlaur  du  aoteur  entre  un  plan 
sltuA  au  voislnaga  da  la  chaad>ra  da 
coabustion  at  tme  position  situAa 
approxlaatlveaent  A  una  longueur 
d'onda  caractArlstiqua  en  saont  du 
plan  d'AJection  da  la  tuyAre. 

-  las  sources  da  tuyAres  qui  rAsultent 
des  phAnoaiAnes  d '  interaction  des  ' 
hAtArogAnAltAs  da  I'Acouleaent  et 
das  InstabllltAs  da  la  coueba  de 
clsallleaent  Inltlale  du  Jat  avec 

la  tuyAra. 

•  Una  aapllflcatlon  paraaAtrlqua  des 
sources  internes  par  la  coucha  da 
elaalllaswnt  du  Jet. 

Dans  la  but  d'aaAllorar  la  coaprAhenslon  da 
certains  da  ces  points  et  partlcullAresmnt 
des  aAcanisaas  A  1' origins  des  sources 
internes, una  sArla  d'expAriences 
coaplAaantalres  fut  rAalisAe  A  I'alda  d'un 
dispositlf  spAclflque  AlaborA  sur  la  base 
d'un  aoteur  Larxac,at  peraettant  da 
s'affranchir  de  toute  source  autro  qua  la 
bruit  interne (Fig. 12 ) , 

Grace  A  ca  dispositlf , on  a  pu  dans  un 
prealer  teaps  cemer  les  caractAristiques 
das  diffArentes  coaposantes  des  sources 
internes  et  dlstlngruer  ainsl  trois  doaaines 
de  frAquences  dlstlncts(Flg.l3) : 

-  Basses  frAquences (<  400  Hs)  dans 
lequal  apparait  une  bosse  blen 
aarquAa  aux  faibles  rAglaea  avec  une 
frAquenca  da  polnte  au  voislnaga  de 
125-160  Hs.  Cette  bosse  subsists 
plus  estoapAa  aux  rAglaas  plus 
AlavAs  et  A  una  frAquenca  supArleure 
(200  A  250  Hz). Cette  Aalsslon  est 
dlrecteaant  imputable  aux  effets  da 
la  coabustion. 

-  Moyennes  frAquences (entr a  500  et 
3000  Ha)  dont  la  frAquenca  de  polnte 
no  varie  pratlqueaent  pas  avec  le 
rAglae  et  dont  I'orlgine  est  A 
rechercber  au  niveau  des 
interactions  de  I'Acouleaent 
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turbulent  avec  d«s  obataclaa  flaas 
ou  BObllas  du  aotaur. 

-  Hautas  frdquancaa(>3000  Ha)  dana 
laqual  coaaiatent  ralaa 
caractdrlatlquaa  laaues  daa  turbinas 
at  bruit  large  banda  y  prenant 
naiaaanea  tant  par  daa  adcaniaaaa 
dlraeta  qua  par  daa  phenoadnaa  plus 
caaplaaas . 

Cas  caractdriatlquas  pour  apAciflquaa 
qu' alias  sclent  du  aotaur  Larzac  utllisd 
prdsantant  un  fort  lien  da  parent*  avec  lea 
observations  affectudes  aur  I'Olyapua. 


Un  deuaidaa  type  d'eapdrianca.rdallad  d 
I'alda  du  adaa  dlspoaltlf,  a  peraia 
d’dvaluar  dlvarsaa  solutions  da  adduction 
du  bruit  interne  dans  sa  partla  basses  at 
aoyennas  frdquencaa. 

Las  dlffdrentas  solutions  eaaaydaa  ont 
conslatd  d'una  part  en  I'lnaartlon  d'dcran 
antra  source  at  obsarvateur  at  d'autra  part 
an  la  aiaa  an  oauvra  da  atructuraa 
absorbantea  dana  la  canal  d'djaction 
priaaira.lia  conception  volontaireaent 
slaq>llflda  da  cea  atructuraa  a  penis 
d'apprdcier  aiadaent  I'lnfluenca  da  I'effet 
d'dpalasaur. 

Tenant  coaqita  de  cea  conditions  ,les 
rdsultats  prdaentds(Plg.l4)  pour  la 
coablnaiaon  la  plus  efficaca  peuvent  dtre 
conalddrda  coana  reprdsentatlfa  de  1‘ordra 
da  grandeur  da  ca  qu ' 11  eat  possible 
d'atteindra  en  aatidra  da  rdductlon  du 
bruit  Intarna  par  das  dlapoaitlfs  da  ce 
ganra. 

On  rappalera  pour  adaolre  qua  1 'application 
d'una  solution  volalna  (canal  prlaalra 
traltd)  fut  un  aoaent  enviaagda  aur 
I'Olyarpus  avant  d'dtre  abandonnda  en  raison 
da  la  par si stance  d'una  rdaonance 
acoustlqua  de  I'enseable  aecondalra  qul  en 
aasqualt  las  affats  poaitlfs. 


4.0  APPLICABILITg  DE8  SOLUTIOKS  AUX  dVlOMS 
DK  COMBAT 


L'eapdrlenca  da  Concorde  at  las  dtudes 
aasocldas  prdsentdas  plus  haut  ont  certes 
als  en  dvldenca  la  posslbllitd  da  rddulre 
d'una  dlzaina  da  ddcibela  la  bruit  das 
sources  prdponddrantes  d  I'alda  de 
dispoaltifs  rdducteurs  assrntlalleaenr 
eatarnes.Hals  alias  ont  dgaleaent  soulignd 
la  caractdra  rapideaent  lllusolra  da  tellas 
aasurea  lorsqu'allea  sont  appllqudea  d  dea 
aoteurs  dont  la  conception  a  dtd  flgda 
prdalableaent.  loportantea  pertes  de 
perfonancea.eacddenta  de  polda  plus  qua 
slgnlflcatlfa, sans  oublier  lea  probldnas  de 
aalntenanca  gdndrda  par  la  coaplexltd 
mdcanlqua  de  cea  dlspositlfs.ce  sont  Id  dea 
Inconvdnlents  aajeurs  dont  un  avion  da 
coad>at  peut  a  priori  dlf flclleaent 
a  'accoaoder.' 

J1  eat  done  raisonnable  de  considdrer  qua 
seul  un  objectlf  da  rdductlon  llaitd 
pourrait  tlrar- profit  de  la  technologle 
ealstanta. 


Da  fait.l'ldaatificaticai  da  solutions 
adaptdas  aua  nuisances  gdndrdes  par  lea 
avlons  da  coabat  aua  abords  das  bases 
adriennas  rdaida  aa  praoier  lieu  dans  un 
effort  da  ddflnltlon  du  probldaa; 
la  dlsparltd  daa  missions  confides  d  cea 
avlons  const! tuant.d  cat  dgard,  un  dldaant 
iaqiortant  du  ddbat. 

81  una  talla  phaaa  da  clsriflcatlon 
s'avdrsit  ndcassaira  du  point  da  vue  da 
1 ' environneaant, 11  seralt  alors  essential 
da  ddgager  las  facteura  spdclflques  aua 
nulaancaa  scouatlques  dea  avlons  de  coabat, 
qualla  qu'en  solt  leur  nature (opdratlonala, 
tachnologlquea.piycho-acoustlques,  aoclo- 
dconoaiquas , . . ) ,  non  sans  avoir  au 
prdalabla  ddteralaa  dana  qualla  aakure  la 
situation  prdaenta  daa  alailitudaa  avec  lea 
contraintes  ispoadaa  aua  avlons  da 
transport  cl  Vila. 


Ainsl  saulesant  pourrait-on  parvenir  d 
ddflnlr  ca  qui  ast  acceptable  at  ca  qui  na 
I'est  pas. 

S' 11  ast  an  affet  difflcllaaant  adalssiblo 
de  aa  voir  coofrontd  sans  prdavia  d  una 
rdgleaantatlon  dost  la  sdvdrltd  na  repose 
Bur  auevm  fondeaant  tachnologlque.il  est  en 
ravancha  laportant  da  pouvoir  anticlper  sur 
des  objectlfs  de  rdductlon  de  bruit  futurs, 
da  aanldre  d  peraattre  1 '  Identification  at 
la  ddvaloppeomnt  daa  technologies  les  aleus 
adaptdea . 

Dans  un  tel  contests. das  solutions 
Intdgrdas  dda  la  preiU.ar  stada  da  la 
conception  d'un  aoteur.ou  aieus  encora 
falsant  integral saiwi t  partle.tel  la  cycle 
variable, du  concept  lui-adae  adriteraient 
d'dtra  considdrdas. 
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Figure  1 
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Figure  2 

Contribution  Relative  Des  Sources  De  Bruit 
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Figure  11 
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1.  SUMMARY 

The  potential  impact  of  noise  in  the  community  surrounding  a 
proposed  outdoor  test  facility  in  the  Onawa  area  was  evaluated. 
The  lest  stand  was  planr<ed  for  the  testing  of  high  performance 
fu  tuihine  engines.  Theoretical  predictions  based  on  the 
outdoor  sound  propagation  model  were  made  for  the  noise 
generated  from  a  General  Electric  F404  engine.  The  results 
were  verified  by  carrying  out  measurements  of  noise  generated 
from  a  single  engine  of  a  parked  CF-18  aircraft  The 
measured  results  qualitatively  confirmed  the  validity  of 
theoretical  predictions.  However,  the  tests  clearly 
demonstrated  the  strong  influence  of  the  atmosiriieric  conditions 
in  the  observed  noise  levels  in  the  surrounding  community. 
The  usefulness  of  the  theoretical  predictions  in  devising  noise 
control  measures  in  the  test  area  and  for  the  scheduling  of  tests 
in  favourable  weather  conditions  to  minimize  noise  impact  in 
the  surrounding  area  have  been  discussed. 

2.  INTRODUCTION 

The  Engine  Laboratory  of  the  NRCC  Institute  for  Mechanical 
Engineering  has  provided  unique  national  facilities  for  gas 
turbine  engine  testing  and  development  for  many  years.  These 
focilities  have  been  used  by  the  Canadian  engine  and  equipment 
manufacturers,  and  Canadian  Armed  Forces  (CAF)  and  their 
engine  maintenance  and  overhaul  contracton.  One  of  the 
NRCC  test  cells  is  a  national  calibrated  reference  cell  used  by 
the  CAF.  All  CAF  test  cells  in  Canada  and  abroad,  and  the 
ceUs  of  their  prime  contracton  can  be  referenced  against  the 
NRC  calibrate  test  cell. 

When  the  test  cells  were  built  at  the  present  site  on  the  NRCC 
Montreal  Road  Campus,  they  were  situated  in  a  sparsely 
populated  neighbourhood,  considerably  beyond  the  densely 
populated  residential  area  and  the  Ottawa  City  limits.  No 
serious  consideration  was  given  lO  the  reduction  of  noise  from 
the  test  cells.  With  the  gradual  development  of  residential 
areas  around  the  campus  and  subsequent  noise  complaints, 
some  silencing  was  provided  for  the  c^s.  Despite  substantial 
investment  in  improved  silencing  and  increasingly  stringent 
environmental  constraints,  operational  capability  berime  more 
limited.  Large  engine  operation,  particularly  military  engines 
with  aflerbuming  capability,  can  cause  unacceptable  noise 
levels  in  residential  areas  under  certain  weather  conditions. 
Operation  of  the  NRCC  cells  is  currently  restricted  to  normal 
working  hours.  This  limits  their  usefulness,  as  winter  night 
operation  is  desirable  for  testing  cold  weather  performance.  In 
a^ition,  the  extensive  silencing  and  restrictions  on  cell 
configuration  prevent  certain  kinds  of  acoustic  tests,  necessary 
for  the  development  of  more  environmentally  acceptable 
commercial  engines. 


With  more  emphasis  being  placed  on  measuring  the  absolute 
pesfotmance,  the  requirement  for  a  free  air  engine  facility  has 
become  very  important  The  increased  demand  to  investigate 
performance  of  engines  installed  in  aircraft,  and  the  pressure 
from  environmental  agencies  to  reduce  engine  noise  emissions 
have  made  an  improved  facility  a  high  priority. 

Therefoie,  it  was  proposed  to  develop  an  outdoor  test  facility 
in  the  Ottawa  area  for  the  following  objectives:  u>  provide  a 
reference  standard  for  all  test  cells  in  Canada,  to  study  the 
performance  of  engines  installed  in  aircraft,  and  to  perform 
noise  measurements.  The  new  complex  was  to  include  an 
ouuloor  test  stand,  and  an  indoor  test  cell  and  support  area,  for 
testing  high  performance  and  high  airflow  gas  turbine  engines. 

The  site  selected  for  this  facility  was  next  to  the  Ottawa 
International  Airport  in  the  Uplands  area.  The  main 
considerations  in  selecting  this  location  was  that  the 
lumunding  residential  area  was  exposed  U)  the  airport  noise 
and  that  the  noise  problem  would  not  be  as  severe  as  in  the 
other  areas  in  the  dty.  The  site  was  close  to  runways, 
facilitating  transport  of  aircraft  to  the  test  site.  Major  fuel 
handling  facilities  were  also  in  the  immediate  vicinity. 

The  proposed  site  was  evaluated  for  the  potential  impact  of 
noise  generated  by  testing  hit's  performance  engines  in  the 
fiKility.  This  paper  presents  the  results  obtained  from 
theoretical  predictions,  based  on  the  sound  propagation  model 
of  the  noise  generated  from  a  F404  engine,  and  confirmation 
of  these  results  by  static  engine  run  tests. 

The  studies  were  also  intended  to  determine  the  extent  of  noise 
control  measures  required  at  the  test  location  and  the 
requirements  for  scheduling  of  tests,  based  on  favourable 
weather  condidons  to  minimize  noise  impact  in  the  community. 
The  theoretical  predicdons  of  noise  levels  were  developed  by 
Davis  Engineering  Limited  (Ref.  1)  under  contract  to  NRCC. 
To  confirm  the  predicdons,  noise  tests  using  stadc  engine  runs 
were  made  by  the  NRCC  Engine  Laboratory  Staff. 

3.  ENGINE  SELECTION  -  NOISE  IMPACT  STUDIES 

The  proposed  outdoor  fficility  was  intended  for  tesdng  a  wide 
range  of  gas  turbine  engines.  These  include  turboprops  such 
as  the  Allison  TS6,  high  bypass  commercial  aircraft  engines, 
and  fighter  aircraft  engines  like  the  GE  F404-400  engines  used 
in  the  CF-18  aircraft.  It  was  not  possible  to  study  the  noise 
impact  of  all  these  engines  because  of  cost  restricdons.  The 
worst  case  among  the  types  of  test  engines  was  considered  to 
be  the  afterburning  military  engines.  In  addidon,  detailed 
noise  data  for  the  F404  engine  were  readily  available  to 
calculate  the  noise  contours  surrounding  the  proposed  test  site. 
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TIm  notie  spectra  for  a  typical  turbofoa  enfini  at  several 
ranges  from  the  source  are  shown  in  Figure  1.  The  spectra 
clearly  demonstrate  the  attenuation  of  high  frequency 
components  at  distances  greater  than  2000  metres.  The  hightf 
attenuation  for  these  components  is  mainly  due  to  molecular 
absorption  of  sound  energy. 

4.  OUTDOOR  SOUND  PROPAGATION 


excess  attenuation.  This  excess  attenuation  always  exists,  but 
is  often  partially  nullified  at  various  frequencies  and  distances, 
or  under  specific  circumstances  by  various  phenomena.  The 
shadow  region  is  penetrated  by  a  grourid  wave  at  low 
frequencies  to  an  extent  that  depmds  principally  on  distance 
and  ground  impedance.  At  high  frequencies,  it  is  partially 
dependant  on  interference  between  direct  and  reflected  waves 
and  it  determined  by  the  source  and  receiver  heights. 


Outdoor  sound  propagation  is  a  complex  phenomena  because 
a  large  number  of  wave  propagation  and  meteorological  facton 
affect  the  results.  Sound  propagation  under  various  ground 
surfoce  and  meteorologies  conditions  are  discussed  in 
References  2  to  4. 


Sound  propagates  under  free-field  conditions,  spreading 
spherically  at  large  propagation  distances.  Sound  levels  fall  6 
dB  each  time  the  range  doubles.  Additional  attenuation  occurs 
because  of  molecular  absorption  of  sound  as  it  propagates 
through  the  air.  At  normal  temperatures,  the  attenuation  is 
directly  proportional  to  the  distance  and  square  of  the 
frequency,  and  inversely  proportional  to  the  relative  humidity. 
At  normal  temperature  and  humidity,  oxygen  relaxation  causes 
strong  absorption  of  sound  at  frequencies  above  2000  Hz. 

For  a  source  and  receiver  near  the  ground,  interference  occurs 
between  the  direct  sound  from  the  source  and  that  reflected  at 
the  ground  surface.  Most  ground  surfaces,  apart  from  concrete 
and  asphalt,  are  not  acoustically  hard.  The  reflection 
drastically  changes  the  distribution  of  sound  levels  as  a 
function  of  height  and  distance  from  the  source  and  of 
frequency.  Figure  2  shows  the  interference  of  direct  and 
reflected  waves  from  the  ground  surfoce  of  impedance  Z-. 
The  sound  pressure  p  at  the  receiver  point  is  given  by  the 
equation': 


Z 


f. 


0) 


where  r|  and  rj  are  the  lengths  of  direct  and  ground  reflected 
ray  paths  resp^vely,  and  k  is  the  wave  number  of  the  sound 
in  air.  R^  is  the  plane  wave  reflection  coefficient  at  the 
appropriate  angle  of  incidence;  it  can  be  described  by  the 
grazing  angle  of  incidence  and  the  ratio  of  surface  normal 
impedances.  The  function  F  describes  interaction  of  a  curved 
wave  front  with  the  surface  of  finite  impedance,  and  is  a 
function  of  several  variables  having  complex  argument. 


The  first  term  on  the  right  hand  side  of  Eq.  (1)  is  the  direct 
wave,  showing  sound  pressure  decreasing  inversely  as  the 
distance  r,  increases.  The  numerator  is  merely  a  phase  term. 
The  second  and  the  third  terms  on  the  right  hand  side  of  the 
equation  together  constitute  the  sound  field  reflected  from  the 
ground.  The  second  term  corrects  for  the  reflected  sound 
wave.  The  third  term  compensates  for  the  fact  that  R^  is  the 
plane  wave  reflection  coefficient,  and  is  not  independent  of  the 
angle  of  incidence.  The  sound  field  is  usually  incident  on 
different  areas  of  the  ground  at  different  angles.  The  third 
term  is  knovm  as  the  ground  wave,  and  includes  the  trapped 
surfoce  wave  component  which  relates  to  low  frequency  sound 
at  large  distances  from  the  source.  This  wave  propagates  in 
the  air,  spreading  cyiindrically  over  the  surfoce  of  the  ground. 
Because  it  decreases  less  rapidly  with  distance  as  the  other 
components  of  the  sound  field,  tlie  surface  wave  tends  to  be 
more  significant  at  long  range.  The  contribution,  apart  from 
the  direct  wave  under  finite  ground  impedance,  is  known  as 


At  larger  distances  meteorological  conditions  play  an  important 
role.  The  finite  impedance  of  the  ground  surface  can  produce 
a  shadow  region  near  the  surface  in  a  neutral  atmosphere, 
where  sound  levels  could  be  as  much  as  40  dB  lower  than 
predicted  by  geometrical  spreading  and  molecular  absorption. 
Under  most  weather  conditions  both  wind  and  temperature  vary 
with  height  above  the  ground.  These  vertical  gitdients  cause 
the  speed  of  sound  to  vary  with  height,  forcing  the  sound 
waves  to  travel  along  curved  paths.  The  speed  of  sound 
relative  to  wind  increases  with  height  for  downwind 
propagation,  and  produces  ray  paths  that  are  concave 
downwards.  The  sound  ray  path  for  the  upwind  propagation 
is  concave  upwards,  producing  a  shadow  zone  near  the  ground 
beyond  a  certain  distance  from  the  source.  In  a  temperature 
inversion,  most  common  at  night  and  early  morning  hours,  the 
sound  speed  increases  with  height  up  to  a  few  tens  or  hundreds 
of  metres  depending  on  the  temperature  gradient,  and  the  ray 
paths  are  concave  downwards.  Under  temperature  lapse 
conditions,  which  are  a  common  daytime  occurrence  during 
most  of  the  year,  the  ray  paths  curve  upwards.  This  produces 
a  refractive  shadow  zone  near  the  ground  beyond  a  certain 
distance,  which  depends  on  the  height  of  source  above  the 
ground.  The  ray  paths  for  temperature  lapse  and  inversion 
conditions  are  shown  in  Figure  3. 

The  sound  levels  at  large  distances,  normally  reduced  under 
neutral  weather  conditions  by  distance,  molecular  absorption, 
and  destructive  ground  interference,  are  further  reduced  by 
daytime  temperature  lapse  conditions.  During  the  night 
however,  temperature  inversion  usually  prevails  and  refractive 
effects  allow  sound  to  propagate  via  paths  that  are  not  near  the 
ground.  This  effectively  eliminates  sound  levels  reductions 
normally  provided  by  ground  effects.  Sound  levels  then  rise 
to  values  determined  by  distance  and  molecular  absorption, 
plus  one  or  two  decibels  if  additional  refractive  paths  exist. 
Upwind  and  downwind  propagation  are  similar  to  the 
temperature  lapse  and  temperature  inversion  conditions. 

Some  typical  calculations  on  favourable  daytime  attenuation 
and  realistic  night  attenuations  made  by  Davis  Engineering 
Limited'  are  shown  in  Tables  1  and  2. 

5,  SOUND  LEVEL  CONTOURS 

The  attenuation  data  summarized  in  Tables  1  and  2  were 
combined  with  typical  generic  turbofan  and  turbojet  aero¬ 
engine  spectra  for  calculating  the  noise  contours.  A  constant 
spectrum  to  a  frequency  of  500  Hz  was  assumed  for  simplicity. 
Octave  band  levels  range  from  100  dB  to  140  dB,  depending 
on  the  engine  type.  For  frequencies  higher  than  500  Hz,  a  3 
dB  attenuation  per  octave  decay  was  assumed. 

Sound  level  contours  based  on  F404  data  for  the  mean  summer 
wind  and  mean  winter  prevailing  wind  are  shown  in  Figures  4 
and  5.  The  contours  are  superimposed  on  an  area  map  with 
the  centre  at  the  proposed  facility  site.  The  sound  pressure 
levels  are  in  dBA  and  assume  no  attenuation  for  ground  cover 
or  acoustical  treatment  at  the  site.  Under  favourable 
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propagitioa  conditions,  the  SO  dBA  contours  in  both  the 
figuies  extend  to  12  km  in  the  direction  of  the  wind.  At  the 
time  this  report  was  prepared,  the  City  of  Gloucester  Noise 
By-law  limited  noise  levels  to  SS  dBA  during  the  day  and  SO 
dBA  during  the  night.  Noise  generated  by  the  engines  at  the 
residential  site  should  be  3  dBA  (10  dBA  desirable)  below 
these  levels  to  prevent  test  activities  from  adding  significantly 
to  the  day/night  sound  level^. 

Noise  levels  may  be  reduced  by  providing  a  favourable  ground 
cover  and  inserting  an  acousti^  barrier  close  to  the  test  area. 
The  barriers  should  be  constructed  close  to  the  source  to  be 
effective,  and  must  be  sufficiently  high  to  prevent  any  direct 
transmission  from  the  source  to  the  observer.  The  barrier 
height  should  be  of  the  order  of  the  wavelength  of  the  sound 
that  is  to  be  controlled.  A  preliminary  evaluation  of  the 
possible  sound  level  reductions  was  made  incorporating  an 
exhaust  silencer  as  part  of  the  outdoor  facility.  The  silencer 
was  not  supposed  to  physically  contact  the  engine  and  would 
facilitate  handling  and  positioning.  The  numbers  circled  in  the 
figures  ate  the  levels  under  favourable  attenuations  from 
ground  cover  and  exhaust  silencer  at  the  site. 

tf.  NOISE  PROPAGATION  TESTS  OP  A  CF-»  AIR- 
CRAFT  AT  OTTAWA  INTERNATIONAL  AIRPORT 

The  noise  radiation  from  a  CF-I8  aircraft  during  static  engine 
run  ups  at  Ottawa  International  Airport  was  measured  to  asses 
the  noise  impact  from  the  proposed  outdoor  facility.  The 
primary  purpose  was  to  confirm  the  theoretical  predictions  of 
the  noise  levels  in  the  surrounding  community  made  by  Davis 
Engineering  Limited.  A  secondary  purpose  of  the  test  was  to 
note  the  community  response  to  the  noise  of  these  tests. 

The  CF-18  aircraft  was  parked  on  the  Uxiway  of  the  Uplands 
Airport  as  shown  in  Figure  6.  The  nose  of  the  aircraft  was 
pointing  to  the  west  wind  and  the  aircraft  was  aligned  within 
approximately  20  degrees  of  the  taxiway.  The  tests  were 
designed  to  measure  the  noise  radiation  from  a  single  engine  at 
two  power  levels:  military  power  and  full  afterburner. 
Although  operational  procedures  for  the  aircraft  required  that 
the  second  engine  remain  at  idle  power  at  all  times,  the  small 
addition  to  the  total  noise  from  the  idling  second  engine  was 
not  considered  to  be  significant. 

The  Ou-field  noise  levels  were  monitored  at  eight  locations 
equally  spaced  around  a  circle  of  2  km  radius  during  the  first 
engine  tun  up  sequence.  The  radius  was  increased  to  4  km  for 
the  second  sequence.  The  measurement  sites  were  on  flat, 
open,  grass  covered  terrain  with  the  microphones  set  at  1.8 
metres  above  the  ground.  Near-field  measurements  were  made 
to  ensure  that  the  sound  power  of  the  engine  during  the  tests 
was  the  same  as  that  used  in  the  theoretical  predictions.  The 
overall  sound  pressure  levels  were  measured  along  a  line 
normal  to  the  jet  axis  in  the  plane  of  the  exhaust  nozzle,  at 
height  of  approximately  1.8  metres. 

The  instrumentation  used  stored  the  average  sound  pressure 
levels  for  one  minute  time  intervals.  By  coordinating  the 
starting  time  of  the  data  acquisition  and  engine  running  times, 
the  noise  levels  for  each  of  the  engine  power  settings  were 
determined.  During  the  tests  the  temperature  was  23*  C  v  ith 
winds  from  the  west  at  22  kph,  gusting  to  44  kph.  The 
humidity  varied  between  37%  and  44%,  and  the  weather  office 
reported  a  'normal'  temperature  profile  (adiabatic  lapse  rate). 


7.  RESULTS  AND  DISCUSSIONS 

The  near-field  sound  pressure  levels  of  the  engine  measured 
close  to  the  aircraft  ate  shown  in  Figure  7  and  ate  compared 
with  the  data  supplied  by  the  engine  manufacturer.  While  it  is 
recognized  that  sound  pressure  levels  change  with  the  measure¬ 
ment  angle,  the  good  agreement  at  this  one  angle  indicates  that 
the  sound  power  of  the  engines  during  the  tests  was  close  to 
that  stated  by  the  manufacturer. 

Table  3  shows  the  average  A-weighted  noise  levels  based  on 
one  minute  equivalent  sound  level  readings  for  military  and 
afterburner  power  settings.  The  observed  levels  were  as  high 
as  70  dBA  at  2  km  and  61  dBA  at  4  km.  Figure  8  shows  a 
sample  of  the  output  ftom  noise  monitors.  Each  value  is  a  one 
minute  average  of  the  A-weighted  noise  at  the  site.  A  clear 
correlation  is  evident  between  the  engine  power  setting  and  the 
noise  level  at  the  site.  At  some  of  the  locations,  the  engine 
noise  was  inaudible  or  below  the  background  noise  levels.  For 
these  sites  no  estimate  of  the  engine  noise  was  possib'.e. 

Table  4  shows  a  comparison  of  noise  levels  observed  at  the 
military  power  setting  with  the  predicted  levels,  taking  into 
consideration  the  ground  propagation  effects.  The  predicted 
values  include  only  the  effects  of  geometrical  spreading  and 
molecular  absoipiion  and  do  not  include  the  effects  of  wind, 
ground  impedaiKe,  or  temperature  gradients.  These  values 
were  interpolated  from  the  noise  level  contoun  shown  in 
Figure  4.  The  lar-field  levels  were  generally  13  to  20  dBA 
below  theoretical  predictions,  considering  molecular  absorption 
and  geometrical  spreading  only.  This  difference  is  reasonable 
when  allowance  is  made  for  the  effects  of  wind  and  thermal 
v'.adients.  The  normal  vertical  temperature  profile  causes  the 
sound  rays  to  be  tefitacted  upwards,  away  from  the  ground 
surface.  This  effect  reduces  the  sound  pressure  levels  observed 
close  to  the  ground.  Similarly,  sound  rays  propagating  upwind 
tend  to  be  refracted  upwards  and  away  from  the  ground  by  the 
velocity  gradients  near  the  surface,  ^th  of  these  effects  tend 
to  create  an  acoustic  shadow  region  near  the  surface  of  the 
ground  where  the  sound  levels  ate  much  lower  than  that  would 
be  expected  in  calm  air  with  no  temperature  gradients.  The 
only  locations  where  these  diflerences  were  not  observed  are 
at  the  sites  downwind  of  the  aircraft.  At  two  of  these  sites,  the 
observed  levels  were  only  I  or  2  dBA  below  the  theoretical 
predictions.  Sound  rays  propagating  downwind  tend  to  be 
refracted  downward  toward  the  ground  surface.  The  down¬ 
wind  effect  would  negate  the  favourable  effects  of  a  normal 
temperature  profile. 

The  large  differences  between  the  theoretical  and  experimental 
values  show  the  importance  of  atmospheric  effects  on  sound 
propagation  and  the  difficulty  of  outdoor  predictions.  The 
theoretical  predictions  were  developed  for  propagation  under 
mean  prevailing  wind  conditions,  without  any  consideration  of 
temperature  gradients.  Similar  effects  are  encountered  under 
upwind  sound  propagation  and  temperature  lapse  conditions. 
TTw  theoretically  predicted  noise  contours  are  helpful  in 
determining  the  extent  of  noise  impact  on  the  neighbouring 
residential  areas  under  different  weather  conditions.  Measures 
can  then  be  taken  to  minimize  this  impact  by  devising  noise 
control  methods  on  site.  The  studies  will  also  be  useful  for 
engine  test  scheduling  under  varying  weather  conditions  so  as 
to  comply  with  local  noise  by-laws. 


•.  CONCLUSIONS 


Hm  mis  with  ihe  CF-18  aiicnft  qualitatively  conlinned  the 
validity  of  the  theofetkal  model  for  the  noise  piedictiaiu  ai  the 
proposed  outdoor  test  fodlity.  The  piedictians  for  noise 
propagation  into  the  community  were  valid  under  the  assumed 
atmospheric  conditions.  However,  the  tests  cleariy  showed  the 
strong  influence  of  atmospheric  conditions  on  ooMived  noise 
levels  in  the  suirounding  community.  The  studies  carried  out 
are  helpfol  in  detetmining  the  extent  of  on-site  noise  control 
measures  and  in  test  scheduling  based  on  weather  conditions. 

The  70  dBA  noise  levels,  observed  in  the  downwind  direction 
at  2  km,  are  well  above  the  background  noise  levels.  Widi 
less  favourable  atmospheric  conditions,  the  levels  observed  in 
other  directions  could  have  been  as  much  as  10  to  20  dBA 
above  the  measured  levels.  Outdoor  tests  with  an  engine 
equivalent  to  the  GE  F4OM00  will  generate  noise  levels  in 
excess  of  the  existing  background  levels.  White  no  complaints 
were  received  from  the  is  tidential  communities  at  the  time  of 
the  study,  elevated  noise  le  els  during  prolonged  running  could 
easily  generate  complaints,  especially  during  adverse  environ¬ 
mental  conditions. 
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Tabis  1.  Favourable  daytime  attenuation. 


Oiiiaiice 

Frequency  (Hz) 

(m) 

31.3 

63 

125 

250 

500 

1000 

2000  4000 

GS 

0 

0 

0 

0 

0 

0 

0  0 

ISO 

Air 

0 

0 

0 

0 

0 

0 

1  4 

Excess 

■5 

-7 

-7 

0 

IS 

8 

0  -3 

Total 
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-7 

-7 
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15 
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6 

6  6 

300 

Air 

0 

0 

0 

0 

0 

1 

3  8 

Excess 

-5 

-6 

-6 

3 

IS 

10 

3  0 
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1 

0 

0 

9 

21 

17 

12  14 

GS 

12 

12 

12 

12 

12 

12 

12  12 
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Air 

0 

0 

0 

0 

1 

3 

6  17 

Excess 

-5 

-5 

0 

13 

12 

6 

3  -3 

Total 

7 

7 

12 

25 

25 

21 

21  26 

GS 

18 

18 

18 

18 

18 

18 

18  18 

1200 
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0 

0 

0 

1 

3 

6 

12  34 

Excess 

-J 

-J 

7 

12 

7 

0 

•3  -3 

Total 

13 

13 

25 

31 

28 

24 

27  49 

GS 

24 

24 

24 

24 

24 

24 

24  24 
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0 

0 

1 

3 

7 

12 

24  68 

Excess 

-5 

-5 

7 

12 

7 

0 

-3  -3 
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19 

19 

32 

39 

38 

36 

45  89 

GS 

30 

30 

30 

30 

30 

30 

30  30 

4300 
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0 

2 

6 

13 

24 

44  136 

Excess 

-5 

-2 

13 

13 

5 

0 

-3  -3 
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25 

28 

45 

49 

48 

54 
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GS 

36 

36 

36 

36 

36 

36 

36  36 

9600 
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0 

4 

12 

27 

48 

92  272 

Excess 

0 

7 

13 

10 

3 

-3 

-3  0 

Total 

36 

43 

53 

58 

66 

81 

125  308 

Tible  2.  Realistic  nighttime  attenuxion. 


Distance 

NldvJkAiUiillk 

Frequency  (Hz) 

(m) 

31.5 

63 

125 

250 

500 
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2000 

4000 
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0 

0 

0 

0 

0 

0 

0 

0 
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0 

0 

0 

0 

0 

0 

1 

4 
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0 

0 

0 

0 

0 

0 

1 

4 

GS 

6 

' 

6 

6 

6 

6 

6 

6 
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0 

0 

0 

0 
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1 

3 

8 
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6 

6 

6 

6 

6 

7 

9 

14 
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12 

12 
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12 

12 
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12 

12 
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0 

0 

0 

0 

1 

3 
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12 

12 

12 

13 

15 
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18 

18 

18 

18 

18 

18 

18 
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0 

0 

0 

1 

3 
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18 

18 
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24 

24 

24 

24 
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0 
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24 

24 

25 

27 

31 

36 

48 

92 

GS 

30 

30 

30 

30 

30 

30 

30 

30 

4000 

Air 

0 
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30 
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36 

36 

36 

36 

36 

36 

36 

36 

9600 

Air 

0 

0 

4 

12 

21 

48 

92 
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Total 
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36 
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63 
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Table  3.  Far-field  A-weighted  sound  pressure  levels  (dBA). 

2  km  Distance 

AO 

A45 

A90 

A135 

A180 

A225 

A270 

A315 

Military  Power 

- 

- 

55 

66 

69 

70 

68 

58 

Afterburner 

- 

57 

58 

76  • 

71 

70 

77 

62 

4  km  Distance 

BO 

B45 

B90 

B135 

B180 

B225 

B270 

B315 

Military  Power 

- 

- 

• 

55 

53 

61 

55 

- 

Afterburner 

- 

• 

50 

63 

55 

65 

64 

- 

Table  4.  Comparuon  of  theoretical  and  observed  sound  pressure  levels  at  military  power. 
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78 
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- 

- 

55 
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61 

55 

• 

Theory 

64 

64 

60 

73 

55 

70 

72 

57 

Difference 
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- 

- 

-18 

-2 

-9 

-17 

- 

6-S 


0«ml8f>L(dB) 


PHpwidtoulir  Sldt  DItMnoi  front 
Ndola  CanMiM  (m) 

•  A  MMfyPoMrj 
OA  Mtutumi  I 


Figure  7.  Near*field  sound  pressure  levels  adjacent  to 
aircraft. 
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QUESTION  BT:  P.  Artaz,  SNECMA,  France 

O'apris  quelles  donneds  avez  voua  valldd  vos  moddles 
d' attenuation  ataosphertque  et  ceux  d'impddance  de  sol? 

AUTHOR'S  RESPONSE; 

The  so’jnd  level  contours  presented  in  the  paper  are  for  the 
sunnaer  and  winter  average  prevailing  wind  conditions.  At  wind 
flow  conditions,  the  sound  waves,  due  to  refraction  propagate 
in  curved  paths  above  the  ground  after  a  short  distance  froia 
the  source.  Tables  are  given  for  day  and  night  tine 
propagation  when  different  vertical  tenperature  gradients 
exist.  The  model  includes  excess  attenuation,  which  is  for 
grass  covered  ground. 
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SUMMARY 

In  the  first  part  of  the  paper,  the  contribution  of  air* 
frame  noise  to  total  aiimft  noise  on  approach  is 
assessed  for  a  large  current  technology  transport  and  for 
the  same  aiifiame  powered  with  bypass  ratio  10 
engines  with  an  additional  5  dB  noise  suppression 
applied  to  the  fan  and  turbine  noise  sources.  Theair- 
fiame  noise  of  the  envisioned  advanced  subsonic  trans¬ 
port  is  2  EPNdB  less  than  the  largest  contributor  to  the 
total  aircraft  noise,  the  fan  inlet  The  noise  impact  of 
the  airframe  noise,  as  measured  by  noise  contour  area, 
is  1/4  that  of  fan  noise.  Further  fan  noise  reduction 
efforts  should  not  view  airframe  noise  as  an  absolute 
noise  floor. 

In  the  second  part  of  the  paper,  the  results  from  one 
recent  cavity  noise  wind  tunnel  experiment  is  reported. 
A  cavity  of  dimensions  1 1.25  itt  (28.58  cm)  Img, 

2.5  in.  (6.35  cm)  wide,  and  variable  depth  was  tested  in 
the  Mach  numbff  range  of  .20  through  .90.  Reynolds 
number  varied  from  5  to  100  million  per  foot  (16  to 
328  million  per  meter).  The  I/d  ratio  was  varied  from 
4.4  to  20.0.  The  modd  was  tested  at  yaw  angles  from 
0  to  IS  degrees.  In  general,  the  deeper  the  cavity,  the 
greater  the  amplitude  of  the  acoustic  tones.  Reynolds 
number  appeal  to  have  little  effect  on  acoustic  tone 
amplitude  Tone  amplitude  and  bandwidth  changed 
with  Mach  number.  The  effect  of  yaw  on  acoustic 
tones  varied  with  Reynolds  number,  Mach  number, 
l/h,  attd  mode  numbv.  At  Mach  number  0.90, 
inoeased  yaw  shifted  the  tone  frequencies  of  the  higher 
modal  frequencies  to  lower  frequeiKies.  As  cavity 
depth  decreased,  the  effect  of  yaw  decreased. 


f  frequency,  Hz 

fm  acoustical  tonal  frequencies,  Hz 

h  cavity  depth,  inches  (cm) 

)  empirical  ratio  of  shear  layer  and  free- 
stream  velocities 

I  cavity  length,  inches  (cm) 

free-stream  Mach  number 
m  acoustic  tone  order  number 

p  acoustic  pressure,  psf  (NAn^) 

<p2>  mean-square  far-field  acoustic  pressure 

4«>  free-stieam  dynamic  pressure,  psf  (N/m^) 


0(1/ d) 


unit  Reynolds  number,  per  foot  (per 
mesa) 

ftee-meara  flow  speed,  ft/sec  (m/sec) 
typical  mean  flow  velocity 
distance  along  cavity  floor,  ia  (cm) 

empirical  paianKxr  ^ving  the  phase  lag 
between  instabilities  in  the  shear  layer 
nd  acoustic  waves  in  the  cavity 
polar  directivity  angle,  zero  in 
downstream  dilution 
azimuthal  directivity  angle,  zero  in 
downward  direction 

ratio  of  specific  heats  of  air  at  constant 

pressure  and  constam 

vohime 

frequency,  radiaiWsec 


Abbieviatioos: 

BPR  bypassratio 

EPNL  effective  perceived  noise  level,  EPNdB 

FPL  fluctuating  pressure  level,  db  (re  ?••) 


Non-propulsive  aerodynamic  noise  concerns  for  mili¬ 
tary  aircraft  may  be  divided  into  the  two  areas  of  air¬ 
frame  noise  and  cavity  noise.  Airframe  noise  is  impor¬ 
tant  to  the  operational  acceptability  of  all  aircraft, 
while  on  anned  aitoaff,  the  particular  issue  of  cavity 
noise-induced  vibndon  is  critical  to  store  integrity  and 
sqiaration. 

With  current  engine  technology,  airframe  noise  is  a 
connibuting  source  for  large  commercial  aircraft  on 
approach,  but  not  the  major  contributor.  With  the 
promise  of  much  quieter  jet  engines  with  the  planned 
new  generation  of  high-by-pass  turbofan  engines,  air¬ 
frame  noise  has  become  a  research  topic  of  interest  for 
the  next  generation  of  commercial  airliners.  Questions 
being  raised  include:  Will  airframe  noise  be  the  domi¬ 
nant  noise  source  on  approach?  How  well  can  it  be 
predicted?  Is  airframe  noise  an  absolute  noise  floor  to 
which  other  noise  sources  should  be  reduced,  or  can  air¬ 
frame  noise  be  reduced?  The  concerns  raised  in  these 
questions  ultimately  are  connected  to  the  noise  accept¬ 
ability  of  the  aircraft,  and  are  applicable  to  large  mili¬ 
tary  cargo  aircraft,  as  well  as  commercial  aircraft, 
operating  near  portion  centers. 
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This  paper  is  divided  into  two  parts.  The  first  part  of 
the  p^KT  includes  a  summary  of  the  current  airframe 
noise  prediction  capabiiity.  Total  aircraft  noise . 
including  airframe  noise,  is  predicted  for  approach  for  a 
cuncnl  technology  transport  and  for  an  envisioned 
advanced  technology  transport  The  relative  contribu¬ 
tion  of  airframe  noise  to  each  type  of  transport  total 
noise  is  assessed.  In  the  second  part  of  this  paper,  the 
results  from  a  recent  cavity  noise  experiment  is 
reported. 

2.Q  AIRFRAME  NOISE 
2.1  Background 

Airframe  noise  arises  from  the  interactions  of  unsteady 
air  flow  on  the  aircraft  structure  exposed  to  the  flow. 
The  unsteadiness  of  the  air  flow  may  be  natural  or  a 
consequence  of  flight,  for  instance  the  turbulent  bound¬ 
ary  layer  of  a  wing  or  the  impingent  of  a  turbulent 
wake  of  an  up-stream  aircraft  component  on  a  down¬ 
stream  aircraft  comportent  The  primary  airframe  noise 
sources  are  usually  considered  to  be  trailing  edgr;s, 
landing  gear,  cavities,  flaps,  and  slats.  These  sources 
are  not,  in  general,  independent  and  may  interacL  The 
air  flow  around  an  aircraft  is  highly  energized  and 
dynamic,  making  airframe  noise  a  signifleam  and  com¬ 
plex  aircraft  noise  source.  Airframe  noise  is  expected 
to  contribute  the  most  to  overall  aircraft  noise  during 
approach  when  the  engines  ate  throttled  and  the  aircraft 
is  in  a  ditty  (high  lift  devices  and  landing  gear 
deployed)  configutatioiL 

Much  airframe  noise  research  has  been  done.  Both 
experimental  and  theoretical  investigations  have  been 
extensive,  much  of  the  work  being  performed  over  a 
decade  ago.  Experimental  investigations  have  included 
full  scale  flight  experiments,  complete  model  and 
component  wind  tunnel  testing,  and  free  flight  glider 
and  model  experiments.  Theoretical  investigations 
have  been  concerned  with  the  fundamental  physics  of 
individual  airframe  noise  sources.  Many  excellent 
summaries  of  airframe  noise  research  are  available 
(refs.  1-4).  The  state  of  airframe  noise  understanding 
will  be  briefly  addressed  and  then  applied  to  the  case  of 
the  approach  noise  of  an  envisioned  advanced  subsonic 
aircraft  equipped  with  the  next  generation  of  high-by¬ 
pass  ratio  engines.  The  objective  will  be  to  assess  the 
contribution  of  airframe  noise  relative  to  the  other  air¬ 
craft  noise  sources  on  approach.  These  findings  will 
be  compared  to  similar  results  for  a  current  technotogy 
aircraft. 

Interest  in  the  area  of  airframe  noise  was  stimulated  in 
the  early  1970s  by  the  desire  for  an  ultra  quiet  military 
surveillance  aircr^  (ref.  5).  Interest  soon  turned  to 
commocial  aircraft  when  it  was  discovered  that  air¬ 
frame  noise  on  approach  was  approximately  10  EPNdB 
less  than  the  more  dominant  aircraft  noise  sources,  typ¬ 
ically  fan  noise.  Initially,  airframe  noise  modelling 
was  aimed  at  whole  aircraft  Overall  Sound  Pressure 
Level  (OASPL)  prediction  which  was  empirically 
based  with  pertinent  parameters  identified  from  analyti¬ 
cal  insight  These  methods  soon  were  extended  to  pre¬ 


dict  1/3  octave  band  spectra.  These  empirical  methods 
worked  reasonably  well  when  applied  to  the  same  or 
similar  class  of  aircraft 

Whole  aircraft  airfirame  noise  prediction,  valid  for  its 
intended  purpose  of  first  cut  airframe  noise  prediction, 
was  soon  surpassed  by  component  noise  prediction 
models  in  which  the  airframe  noise  of  particular  aircraft 
components  is  predicted.  Component  prediction  mod¬ 
els  followed  two  different  paths.  One  method  of  com¬ 
ponent  prediction  is  very  similar  to  the  whole  aircraft 
models  in  that  the  individual  component  prediction 
models  are  largely  empirical;  however,  much  greater 
use  of  analytical  insight,  where  available,  was  used. 
The  component  prediction  method  of  Fink  (ref.  6).  is 
an  example  of  this  prediction  method.  The  other  com¬ 
ponent  prediction  method  is  the  drag  element  method 
developed  by  Revell  (ref.  7).  In  the  drag  element 
method,  airframe  noise  is  viewed  as  a  by-product  of 
mechanical  energy  dissipated  by  drag  (ref.  2). 

Fundamental  principle  aenxlynamic  and  aeroacoustic 
models  were  ^veloped  for  many  airframe  noise 
sources.  In  particular,  models  for  predicting  trailing 
edge  noise  ate  well  founded  and  complete  for  many 
flow  environments  (ref.  4).  Trailing  edge  airframe 
noise  is  caused  by  unsteady  flow  passing  over  or  near 
the  trailing  edge  of  a  wing  or  flap  and  is  considered  the 
dominant  airframe  source  in  the  cruise  condition. 
Trailing  edge  airframe  noise  models  have  established 
that  the  functional  dependence  of  this  noise  source  is 

<9*  >«‘U^  srn-r  costs 

.2  (1) 

where  <p2>  is  the  mean-square  far-fleld  acoustic  pres¬ 
sure,  u  is  a  typical  mean  flow  velocity,  6  is  the 
polar  directivity  angle,  zero  in  the  downstream  direc¬ 
tion,  and  o  is  the  azimuthal  directivity  angle,  zero  in 
the  downward  direction.  The  direction^ty  of  eq.  1  is 
not  that  of  a  simple  dipole  and  has  been  referred  to  as 
that  of  a  half  baffled  dipole  (ref.  8).  Theoretical  aspects 
of  trailing  edge  noise  have  b^  extended  to  include  the 
correlation  of  uailing  edge  pressure  flucuiations  with 
far  field  radiated  acoustic  pressures  and  the  ability  to 
predict  the  acoustic  pressures  based  on  the  measi^ 
trailing  edge  surface  pressures  (refs.  9-10). 

Another  airframe  noise  component  which  in  principle 
is  well  understood  and  predictable  is  that  due  to  landing 
gear.  The  airframe  noise  generated  by  the  components 
of  landing  gear,  the  wheels,  struts,  and  axles,  is  con¬ 
sidered  to  be  caused  by  bluff  bodies  and  is  dipole  in 
nature  with  the  axes  of  the  dipoles  parallel  to  the  lift 
and  drag  elements .  The  amplitude ,  <p2>,  depen¬ 
dence  of  this  airframe  component  is  on  velocity  to  the 
sixth  power.  Cavities  associated  with  landing  gear  are 
sources  of  low  frequency ,  less  than  I(X)  Hz,  airframe 
noise  which  are  excited  most  easily  in  depth  modes. 
Evidence  indicates  that  such  cavities  radiate  less  intense 
airframe  noise  than  expected  due  most  probably  to  their 
complex  internal  shapes  (ref.  11). 
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During  aijproadi,  dominant  airframe  noise  sources 
other  than  landing  gear  are  those  caused  by  the 
deployment  of  high  lift  devices,  such  as  flaps  and 
slats.  The  increase  in  airframe  noise  with  and  slat 
deployment  over  that  of  a  clean  wing  is  on  the  order  of 
10  EWdB  (ref.  1).  Flap  and  slat  airframe  noise  is 
associated  with  the  physical  gaps  or  slots  between  slat 
and  wing,  or  wing  and  flap,  and  with  the  edges  of  the 
flaps.  Th^  conclusions  are  based  on  flight  and  wind 
tunnel  data  where  the  various  stages  of  flaps  and  slats 
were  incrementally  deployed  (refs.  12-13). 

Other  sources  of  airframe  noise  which  are  not  currently 
in  the  component  prediction  models  are  flap  edge, 
panel  vibration,  and  nacelle.  Flap  edge  has  already 
been  mentioned  and  appears  to  be  an  important  source 
of  airframe  noise  (refs.  13-14).  Panel  vibrations, 
caused  again  by  the  unsteady  air  flow,  have  been  identi- 
fled  as  an  important  airframe  noise  source  for  wing 
panels  on  a  DC-10  (ref.  IS)  and  for  landing  gear  doors 
left  in  the  air  stream  (ref.  16).  The  naceUes  of  the 
advanced  engines  whicharetopowerihenextgenera- 
tion  transports  are  expected  to  be  very  large  in  diameter 
and  need  to  be  investigated  as  sources  of  airframe 
noise.  Tliese  sources  of  airframe  noise  need  also  to  be 
incorporated  into  the  component  airframe  noise  predic¬ 
tion  models. 

An  advantage  of  a  semi-empirical  prediction  method 
based  to  some  extent  on  full-scale  and  realistic  model 
data  is  that  noise  components  that  ate  not  explicitly 
addressed  in  the  meth^  like  flap  side  edge  noise  in  the 
Fink  method,  are  to  some  degree  accounted  for  in  the 
method.  If  the  sources  are  important,  their  influence  is 
in  the  measured  data  and  are  reflected  in  the  empirical 
best  fit  curves.  The  other  side  of  this  is  that  etnxs  are 
generated  if  the  data  are  forced  to  be  flt  by  a  fundamen¬ 
tally  incorrect  parameter  dependence.  This  is  why  ana¬ 
lytic  insight  is  so  important  in  empirical  modelling. 

For  example,  the  azimuthal  directivity  attributed  to 
trailing  edge  noise  in  the  Fink  method  is  the  dipole 
directivity  or 

<p^  >»‘Coa^a  ^ 

The  correct  azimuthal  dependence  for  trailing  edge 
noise,  as  given  previously,  is  the  square  root  of  this 
deperidence.  Arnther  example  of  an  incorrectly 
asCned  parameter  dependence  is  the  reflection  from 
the  undetinde  of  aircraft  fuselages  and  wings  of  vertical 
dipoles  caused  by  horizontal  landing  gear  elements. 

The  reflection  leads  to  longitudinal  quadiupole-like 
behavior  which  has  a  narrower  directivity  than  the 
assumed  dipole  directivity  in  the  Fink  method.  The 
impact  of  these  discrepancies,  noted  in  reference  1, 
should  be  minimum  in  the  downward  direction  where 
airframe  noise  is  known  to  be  the  greatest 

Continued  analytical  work  is  needed  so  that  new  air¬ 
frame  noise  sources  can  be  incorporated  in  future  com¬ 
ponent  prediction  schemes  either  by  parametrically 
correct  empirical  methods  or  by  first  principle  meth¬ 
ods.  First  principle  methods  are  preferred  over  empiri¬ 


cal  methods;  however,  it  is  often  difficult  to  obtain 
sufficient  input  to  use  the  flnt  principle  methods. 

This  is  the  case  for  both  trailing  edge  and  landing  gear 
airframe  noise  predictian  for  complete  aircrafL  Theair 
flow  around  a  compleie  aircraft  is  in  general  not  known 
sufficiendy  to  ptedia  either  of  these  two  airframe  noise 
sources  from  analytical  expressions.  Parametrically 
correct  empirical  prediction  methods  are  then  the  next 
best  methods  to  predict  airframe  noise  for  complete  air¬ 
craft. 

7  ?  PHvtiriedTol^  Aircraft  Noise 

The  Fuik  component  method  is  recommended  in 
reference  1  to  make  rriule  aircraft  airframe  noise  pre¬ 
dictions,  and  was  used  to  make  the  airframe  noise 
predictions  in  this  paper.  NASA  Langley  Research 
Center's  Aircraft  Prediction  Program,  ANOPP, 
(ref.  17)  was  used  to  make  the  total  aircraft  noise  pre¬ 
dictions  (ref.  18).  The  Fuik  airframe  noise  method  is 
incorporated  in  ANOPP.  The  airframe  noise  prediction 
mrthod  in  AN(OT  ms  validated  in  reference  (ref.  19) 
with  a  variety  of  measKcd  data  not  incorporate  into 
the  Fink  method.  The  result  of  the  validation  showed 
that  the  Fink  method  agreed  within  ±2  EPNdB  to  the 
measured  results. 

ANOPP,  and  programs  similar  to  it,  requites  detailed 
information  Lnorderto  make  an  aircraft  noise  predic¬ 
tion.  For  example,  one  of  the  needed  categories  of 
information  is  engine  operating  parameters,  often 
referred  to  as  the  engine  operating  deck.  Theengine 
data  are  critical  to  the  pre^tion  of  the  fan,  cote,  tur¬ 
bine,  and  jet  noise.  It  typically  is  very  difficult  to 
obtain  the  required  engine  parameters,  particularly  for 
an  engine  in  the  cment  fleet  or  an  engine  in  develop¬ 
ment.  The  required  input  to  make  airframe  noise  pre¬ 
dictions  is  relatively  easily  obtained  from  publish^ 
descriptions  (ref.  W).  One  of  the  early  ANOPP  valida¬ 
tion  studies  involvede  DC- 10  (ref.  21).  The  ANOPP 
input  parameters  Gsied  in  reference  21,  although 
somewhat  diffetem  from  the  cunent  required  input, 
were  used  as  the  basis  to  make  ANOPP  predictions  for 
a  DC-10  on  approach.  These  predictions  were  used  to 
verify  the  numbers  being  predicted  by  ANOPP 
15  years  after  the  DC-10  validation  and  to  serve  as  a 
bas^ne  for  comparison  to  the  projected  advanced 
subsonic  transport  noise  predictions.  Noise  sources 
included  in  the  total  aircraft  ANOPP  predictions  are  fan 
inlet,  fan  discharge,  core,  turbine,  and  jet;  along  with 
main  landing  gear,  fl^  slat,  nose  landing  gear,  wing, 
horizontal  tail,  and  vertical  tail  airframe  noise  sources. 

Another  important  calegoty  of  input  to  ANOPP  which 
is  difllcult  to  obtain  is  the  amount  of  suppression  to 
apply  to  the  fan  and  turbine  noise  sources.  ANOPP 
does  not  predia  the  noise  suppression  to  be  applied  to 
the  fan  arid  turbine  ndse  sources.  Noise  suppression 
is  supplied  by  the  user  of  ANOPP.  Noise  suppression 
technology  is  very  competitive  sensitive.  To  make  the 
baseline  current  t^nology  DC-10  noise  predictions 
with  ANOPP,  the  following  values  of  noise  suppres¬ 
sion  0, 10,  and  10  dB  were  applied  to  the  fan  inlet,  fan 
dischmge,  and  turbine  noise  sources,  respectively. 
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These  values  of  suppression  were  selected  based  on 
available  published  information  (refs.  24-25),  engi¬ 
neering  insight  into  known  suppression  technology, 
and  known  behavior  of  the  noise  sources  of  current 
technology  transports  on  approach.  Suppression  ttf  fan 
and  turbine  noise  is  achieved  by  the  plat^ent  of 
absorbing  material  (liners)  in  and  the  design  of  the  fan 
and  turbine  ducts.  The  selection  process  for  the  noise 
suppression  amounts  to  a  calibration  of  ANOPP 
necessitated  by  a  lack  of  detailed  information  for  cur¬ 
rent  technology  engines. 

An  example  of  the  result  of  the  noise  prediction 
process  is  given  in  figure  1  for  the  ba^ine  DC-10  in 
the  form  of  an  Effective  Perceived  Noise  Level  (EPNL) 
contour  plot  of  the  total  aircraft  noise.  This  result  and 
all  the  r^ts  to  be  given  are  for  an  aircraft  flying  an 
approach  consisting  of  a  3  degree  glideslope.  The 
maximum  approach  EPNL  value  is  given  in  the  upper 
right  portion  of  the  plot  for  the  approach  position. 

The  approach  position  is  the  one  ^tecified  in  the  FAR 
36  (ref.  22)  noise  certification  regulations  which  is 
1.5  miles  (2.4  km)  from  the  end  of  the  nmway.  The 
3-degree  approach  glideslope  results  in  the  ain^t  pass¬ 
ing  approximately  120  m  above  the  approach  position. 
In  figure  1,  the  circle  symbol  underneath  the  (light 
track  is  the  location  of  the  approach  position.  Similar 
noise  contour  results  were  predicted  for  individual  noise 
sources.  All  noise  predictions  were  made  for  a  micro¬ 
phone  positioned  1.2  m  above  the  ground.  The  results 
for  the  baseline  DC- 10  ANOPP  noise  predictions  are 
s'lmiiurized  in  Table  1  in  the  form  of  approach  EPNL 
values  and  areas  of  the  103  EPNL  noise  contours.  In 
Table  1,  results  are  given  for  the  total  aircraft  noise, 
and  the  noise  contributions  of  fan  discharge,  fan  inlet, 
turbine,  airframe,  core,  and  jet  noise  sources. 

/' 

The  total  aircraft  noise  approach  EPNL  value  which 
cpnesponds  to  the  FAA  approach  certification  position 
jS  compatible  with  published  values  for  a  DC- 10-40 
/power^  with  JT9D-59A  engines.  The  predicted  total 
level  ^107  dB  is  one  EPNdB  above  the  largest 
repprtra  certification  level  in  reference  23  for  a  DC-IO. 
Om  decibel  is  within  the  accuracy  of  the  predictions 
Which  is  believed  to  be  on  the  or^  of  2  EPNdB.  The 


V 
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contributions  of  each  of  the  predicted  noise  sources  are 
presented  in  Table  1  in  increasing  order  of  importance. 
The  largest  contributor  to  the  total  noise  on  approach 
is  fan  noise  with  airframe  noise,  on  the  basis  of 
approach  position  EPNL  values,  the  fourth  largestcon- 
tributor,  10  EPNdB  less  than  fan  noise. 


Table  1.  Noise  Predictions  for  Baseline  DC- 10 


Contour  Area. 


Noise  Source 

EFNL.dB 

mi^  flcm^l 

Core 

86 

— 

Jet 

91 

,003  (.008) 

Airframe 

92 

.003  (.008) 

Turbine 

100 

.064  (.166) 

Fan  Inlet 

101 

.134  (J47) 

Fan  Discharge 

102 

.108  (.280) 

Total 

107 

.531  (1.375) 

The  frequency  content  of  the  various  noise  sources  is 
given  in  figure  2  for  the  sound  emitted  when  the  air¬ 
craft  was  over  the  approach  centerline  microphone 
position.  At  frequencies  less  than  300  Hz,  airframe 
and  jet  noise  sources  are  comparable  in  level  and  domi¬ 
nate.  Turbine  noise  dominates  in  the  frequency  range 
of  300  Hz  to  1500  Hz.  At  frequencies  greater  than 
1600  Hz,  the  turbine  and  fan  discharge  noise  levels  are 
similar  and  dominate. 

To  make  total  aircraft  noise  predictions  for  an  advanced 
subsonic  transport,  the  engines  on  the  baseline  DC- 10 
were  replaced  with  engines  having  a  by-pass-tado 
(BPR)  of  10  and  an  additional  5  dB  of  suppression  was 
applied  to  both  the  fan  (inlet  and  discharge)  and  turbine 
noise  sources.  This  'rubber'  engine  was  obtained  by 
using  the  Navy/NASA  Engine  Program,  NNEP, 

(ref.  26)  to  extrapolate  the  engine  deck  of  a  smaller 
(approximately  40,000  lbs  thrust),  BPR  6  engine.  The 
resulting  engine  generated  53,000  lbs  of  thrust  at  full 
(100%)  ihroule.  The  same  airframe  and  approach 
flight  profile  were  used  in  ANOPP  to  make  the  noise 
predictions,  A  BPR  of  10  and  an  additional  5  dB  sup¬ 
pression  represent  modest  assumptions  for  an  advanced 
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subaonic  transpiA  BPRs  in  the  range  of  20  and 
additional  fan  noise  suppression  in  the  range  of  10  dB 
have  been  discussed  as  goals  for  advanced  subsonic 
transports.  The  additional  suppression  would  be 
obtained  through  the  use  of  advanced  technology  liners 
which  might  include  bulk  absorbers,  multi-laye^ 
honeycomb  reactive  liners,  and  possibly,  active  noise 
control. 


Figure  2.  Current  technology  overhead  noise 
souce  spectra. 

The  noise  prediction  results  for  the  advanced  technol¬ 
ogy  transport  are  summarized  in  Table  2  in  the  form  of 
approach  EPNL  values  and  areas  of  the  103EPNL 
noise  contours.  Results  are  given  for  the  total  aircraft 
noise,  the  fan  inlet,  the  Can  discharge,  the  airframe, 
tubine,  and  core  noise  sources.  The  predicted  jet  noise 
was  so  small  that  it  is  not  presented  in  Table  2.  The 
higher  BPR  engines  have  resulted  in  less  jet  noise  and 
the  additional  noise  suppression  is  evident  in  the 
results.  For  this  realization  of  an  advanced  technology 
transport  the  airframe  noise  is  the  second  latest  (tied 
with  fan  discharge  noise)  noise  contributor  on  the  basis 
of  approach  microphone  EPNL  levels  behind  fan  inlet 
noise.  The  airframe  noise  is  2  EPNdB  less  than  the 
largest  contributor  to  the  total  aircraft  noise  predicted 
for  the  advanced  technology  transport 


Table  Z  Noise  Predictions  for  Advanced  Technology 
Transport 


Contour  Area. 


Noise  Source 

EPNL.dB 

mi^ 

Core 

86 

— 

Turbine 

91 

.001  (.003) 

Airframe 

92 

.003  (.008) 

Fan  Discharge 

92 

.003  (.008) 

Fan  Inlet 

94 

.014  (.036) 

Total 

99 

.060  (.155) 

For  the  advanced  technology  transport,  a  large  reduc¬ 
tion  in  toiai  noise  impact  is  evident  when  comparing 
the  size  of  the  noise  contours  for  the  current  technol¬ 
ogy  (Table  1)  and  the  advanced  technology  (Table  2) 
transports.  An  approximate  nine-fold  reduction  is 
observed  in  the  area  of  the  total  aircraft  noise  103 
EPNdB  ruise  contour  area  for  the  two  transports. 

The  spectra  of  the  various  noise  sources  for  the 
advattced  technology  transport  are  given  in  figure  3  for 
the  noise  emiaed  when  the  aircraft  was  above  the 
approach  cenietiitK  microphone.  At  frequencies  less 
than  200  Hz.  airframe  noise  is  the  dominant  noise 
source.  From  approximately  200  Hz  to  800  Hz.  air¬ 
frame  and  combtistor  noise  dominant  From  800  Hz  to 
4  kHz,  £u  discharge  noise  is  dominanL  Above 
4  kHz,  turbine  noise  becomes  dominant  Jet  noise  is 
seen  to  be  very  low  and  not  a  contributing  noise 
sourccL 


Figure  3.  Advanced  technology  overhead  noise 
source  spectra. 


Within  the  accuracy  of  the  noise  predictions,  on  the 
order  of  2  EPNdB,  the  contribution  of  airframe  noise 
in  terms  of  EPNL  is  comparable  to  the  contribution  of 
fan  noise  to  the  total  noise  of  this  advanced  technology 
transport  Additional  reductions  in  fan  twise  alone  will 
ultirnwly  result  in  airframe  noise  becoming  the  domi¬ 
nant  noise  source  on  approach.  From  a  noise  impact 
point  of  view,  as  measu^  by  the  area  of  the 
103  EPNL  noise  conrour,  fan  inlet  noise  of  the 
advanced  technology  transport  has  an  impact  over  four 
times  that  of  airframe  noise.  Further  reductions  in  fan 
noise  need  to  be  done  with  consideration  of  airframe 
noise.  However,  the  higher  frequency  content  of  fan 
noise  over  that  ^  airframe  noise  and  the  larger  noise 
impact  (larger  contour  area)  make  reductions  in  fan 
noise  more  attractive  to  further  increase  the  noise 
acceptability  of  the  next  generation  u<  transport 
aircr^L 
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Tile  airframe  noise  predictions  were  ihe  same  for  both 
the  baseline  and  the  advanced  technology  transport  due 
to  the  fact  that  the  same  airframe  and  approach  flight 
path  were  used  to  make  the  noise  predictions.  The 
approach  noise  levels  and  the  area  of  the  103  EPNL 
noise  contours  are  given  for  the  major  airframe  noise 
sources  in  Table  3.  A  finer  grid  was  used  to  generate 
the  individual  airframe  noise  source  contours.  The 
total  airframe  noise  contour  area  in  Table  3  is  slightly 
different  and  more  accurate  than  the  total  airframe  noise 
contour  area  given  previously.  On  the  basis  of 
approach  SPNL,  main  landing  gear  noise  is  the  largest 
contributor,  followed  by  trailing  edge  flap  noise  and 
slat  edge  noise.  The  approach  EPNL  levels  of  these 
three  airfrfame  noise  sources  are  comparable,  falling  in 
the  range  of  8S  to  87  EPNdB.  On  the  basis  of  noise 
impact,  as  measured  by  die  area  of  the  103  EPNL 
noise  contour,  main  landing  gear  and  trailing  edge  flap 
noise  are  comparable,  having  a  little  less  than  twice 
the  noise  impact  of  leading  edge  slat  noise. 


Tables.  Airframe  Noise  Predictions 


Noise  Source 

EgNL>llB 

Contour  Area, 
mi^  flem^i 

Nose  Larxling  Gear 

76 

— 

Leading  Edge  Slat 

83 

.00015  (.00039) 

Trailing  Edge  Flap 

86 

.00024  (.00062) 

Main  Landing  Gear 

87 

.00024  (.00062) 

Total 

92 

.00195  (.00505) 

Further  systematic  research  is  needed  to  identify  ways 
to  reduce  airframe  noise. 

2.3  Summary 

Total  aircraft  noise,  including  airframe  noise,  for 
approach  was  predicted  for  a  current  technolo^  large 
transport  and  for  an  envisioned  advanced  technology 
tranqxiit  An  objective  of  the  research  was  to  assess 
the  relative  importance  of  airframe  noise  to  the  other 
noise  sources  on  approach  for  the  two  aircraft  types. 
Airframe  noise  for  the  current  technology  transport  was 
10  EPNdB  less  than  the  more  dominant  fan  and  turbine 
noise  sources.  The  advanced  technology  transport  was 
modelled  as  having  engines  with  a  BPR  of  10  with  an 
additional  5  dB  suppression  on  fan  and  turbine  noise. 
On  approach,  the  airframe  noise  for  this  envisioned  air¬ 
craft  was  2  EPNdB  below  the  largest  contributing 
noise  source,  the  fan  inlet.  This  level  difference  was 
within  the  prediction  accuracy;  therefore,  a  conclusion 
is  that  airframe  noise  is  comparable  in  amplitude  to  fan 
noise  sources  on  approach  for  the  studied  advanced 
technology  transport  The  noise  impact  of  fan  noise, 
as  measured  by  noise  contour  area,  was  greater  by  more 
than  a  factor  of  four  over  airframe  noise.  Further 
reduction  in  fan  noise  needs  to  be  done  with  considera¬ 
tion  of  airframe  noise.  Airframe  noise  should  not 
however,  be  considered  an  absolute  noise  floor. 
Airframe  noise  can  be  reduced  by  good  design  practice. 
Many  airframe  noise  reduction  ideas  have  been  identi¬ 
fied  and  need  to  be  validated. 

3.0  CAVrTY  NOISE 


Airframe  noise  should  not  be  considered  an  absolute 
noise  floor.  Many  ideas  to  reduce  airframe  noise  have 
been  published  (ref.  1).  Lower  approach  speeds  would 
lessen  airframe  noise,  but  great  reductions  in  landing 
speed  are  not  likely.  A  move  toward  simpler  high  lift 
systems  with  fewer  slat  and  flap  segments  with 
thought  given  to  downstream  wake  impingement 
would  tend  to  minimize  airframe  noise.  Porous,  ser¬ 
rated,  swept,  sucking,  and  blowing  leading  and  trailing 
edges  have  been  proposed  to  reduce  the  intensity  of  the 
interaction  betwem  the  unsteady  flow  and  trailing 
edges.  In  the  case  of  flap  edge  noise,  the  above  listed 
surface  changes  or  an  edge  plate  might  be  used  to 
reduce  the  noise.  Interactions  between  airframe  noise 
components  have  been  shown  to  be  either  adverse, 
causing  an  increase  in  airframe  noise  or  frvotable, 
causing  a  decrease  in  total  airframe  noise.  In  a  model 
experiment  involving  an  Advanced  Supersonic 
Transport  (ref.  27),  the  airframe  noise  with  the  flaps 
and  main  landing  gear  deployed  was  greater  than  die 
sum  of  the  noise  from  each  component  deployed  indi¬ 
vidually.  In  another  model  study  (ref.  13)  die  total 
noise  of  a  wing  with  a  particular  combination  of 
deployed  slats  and  flaps  was  less  than  the  sum  of  the 
noise  generated  separately  by  each  component  These 
results  indicate  that  the  interactions  between  airframe 
noise  components  are  complex  but  once  understood 
should  be  able  to  be  exploited  to  yield  lower  airframe 
noise  aircraft  designs.  Poor  designs  can  increase  air¬ 
frame  noise;  good  designs  can  reduce  airframe  noise. 


3.1  Introduction 

The  second  area  of  non-propulsive  aerodynamic  noise 
that  is  of  concern  for  milit^  aircraft  is  cavity  noise. 
This  issue  arises  from  the  current  interest  in  intenud 
carriage  of  weapons  in  high  speed  aircraft  Although 
internal  carriage  provides  aerodynamic  advantages  in 
flight  flow  disturbances  can  occur  when  the  weapons 
bay  is  open  to  an  otherwise  undisturbed  flow. 
Suggestions  that  intense  acoustic  pressure  fluctuations 
could  arise  that  could  cause  stnicbiral  and  functional 
degradation  of  a  store  have  led  to  studies  of  the  acoustic 
characteristics  of  cavities  and  documentation  of  the 
conditions  under  which  acoustic  tones  are  generated, 
(refs.  28- 42) 

Of  the  four  types  of  flow  field  observed  for  cavities  in 
supersonic  flows  (refs.  43  and  44),  one,  open  cavity 
flow,  consistently  supports  the  generation  of  acoustic 
tones.  Open  cavity  flow,  in  which  the  shear  layer 
bridges  the  cavity,  is  typically  seen  for  cavities  with 
length-to-depth  ratios  (l/h)  less  than  10.  The  mecha¬ 
nism  that  pr^uces  the  acoustic  tones  is  understood  to 
be  a  reinforcement  between  instabilities  in  the  shear 
layer  that  bridges  the  cavity  and  pressure  waves  gener¬ 
ate  in  the  cavity  when  the  shear  layer  impinges  on  the 
aft  wall.  Acoustic  tones  occur  at  discrete  frequencies 
which  correspond  to  characteristic  pressure  patterns,  or 
modes,  in  the  cavity. 
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To  date,  there  is  no  satisfactory  method  to  predict  the 
ampiitoto  of  tones  or  under  what  conditions  specific 
tones  will  occur.  A  semi-empirical  equation  was 
obtained  by  Rossiter  (ref.  28)  to  predict  the  frequencies 
at  which  tones  would  occur.  Rossiter  theorized,  based 
on  observations  of  rectangular  cavities  in  subsonic  and 
transonic  flows,  that  the  tones  resulted  from  a  coupling 
between  vortex  shedding  and  acoustical  waves  in  the 
cavity.  Heller.  Holmes,  and  Covert  in  ieference  29 
made  a  modification  to  Rossi'er's  equa^  to  accom¬ 
modate  supersonic  cases  in  which  the  difference 
between  the  firee-siream  static  and  cavity  internal  tem¬ 
peratures  is  significant  The  fact  that  cavity  internal 
temperature  is  approximately  equal  to  the  firee-stream 
stagnation  temperature  latha  than  the  free-stream  static 
temperature  has  been  shown  experimentally  by 
Kaufinan,  Maciulaitis,  and  Clark  (ref.  33).  The  modi¬ 
fied  Rossiter  equation  from  reference  29  is: 


fm  '■ 


Lf«  m~a(llh)] 


I  -.Ji— 


(3) 


0.47  in.  (1.19  cm)  at  the  Reynolds  number  of  85  mil¬ 
lion  per  foot  (279  million  per  meter).  For  Mach  0.9, 
it  ranged  from  0.51  in.  (1  jo  cm)  at  a  Reynolds  num¬ 
ber  of  13  million  per  foot  (43  million  per  meter)  to 
0.49  in.  (1.24  cm)  at  the  Rejrolds  number 
100  million  per  foot  (328  million  per  meter). 

The  model  was  instrumented  with  18  (16  along  the 
centerline)  differential  dynamic  pressure  transducers . 
The  reference  pressure  was  local  static  and  a  calibration 
at  1000  Hz  verified  that  the  temperature  compensation 
was  within  the  manufacturer's  specifications. 

3.2.1  Data  acquisition,  reduction  and  analysis 

Data  were  obtained  for  the  Mach  number  range  0.20 
through  0.90,  the  Reynolds  number  range  4  through 
100  million  per  foot  (328  million  per  meter)  and 
model  yaw  angles  of  0  and  15  degrees.  Data  were 
sampled  at  12.5  kHz  (with  an  antialiasing  filter  applied 
at  5  kHz),  divided  into  50  blocks  of 4096  points  each, 
Fourier  analyzed  and  the  resulting  spectra  averaged. 
This  product  specua  with  a  fiequency  resolution  of 
3  Hz  with  a  95  percent  confidence  that  the  spectral 
estimate  was  within  ±1  dB  of  the  true  spectra  based  on 
a  chi-square  distribution. 


The  wind  tunnel  experiment  was  performed  at  NASA 
Langley  Research  Center  in  the  0.3-m  Transonic 
Cryogenic  Tunnel  (0  J-m  TCT)  at  subsonic  and  tran¬ 
sonic  speeds  using  a  cavity  model  that  was 
11.25  inches  (28J8  cm)  long  by  2.5  inches  (635  cm) 
wide  (ref.  45).  The  objective  of  this  test  was  to  charac¬ 
terize  the  internal  acoustic  field  generated  by  cavities  in 
flow  and  determine  its  dependence  on  RcynNds  number 
(at  nearly  constant  bounc^  layer  thickn^)  end  yaw 
angle. 

3.2  Effects  of  Reynolds  Number  and  Yaw  Angle  on 
Cavity  Acoustics  in  Transonic  How 

The  experimental  study  was  performed  in  the  13-in.  by 
13-in.  (33  by  33  cm)  test  section  of  the  0.3-m  TCT,  a 
continuous,  fan-driven,  cryogenic  pressure  tunnel 
which  used  nitrogen  as  a  test  gas.  (References  46-48 
describe  the  facility  and  operation  in  detail) 

A  rectangular  cavity  model  was  mounted  on  a  turntable 
which  was  installed  in  the  sidewall  of  the  0.3-m  TCT. 
The  cavity  was  1 1.25  in.  (28.58  cm)  loi  g  by  23  in. 
(6.35  cm)  wide  and  had  a  depth  that  cou/ 1  be  varied  to 
obtain  i/h  ratios  of  4.40  (h  «  2.56  in.)  ( >.50  cm), 

6.70  (h  -  1.68  in.)  (4.27  cm),  12.67  (h  »  0.89  in.) 
(2.26  cm),  and  20.00  (h  «  0.56  in.)  (1.42  cm).  The 
turntable  could  be  rotated  with  respea  to  the  flow,  to 
position  the  cavity  with  yaw  angles  of  0  and  IS 
degrees. 

A  total  pressure  take  was  used  to  measure  the  boundary 
layer  thickness  at  the  leading  edge  of  the  cavity  with 
the  cavity  floor  positioned  flush  with  the  turntable 
(h  >  0.0).  For  Mach  0.6,  the  boundary  layer  thick¬ 
ness  ranged  from  0.58  in.  (1.47  cm)  at  a  Reynolds 
number  of  5  million  per  foot  (16  million  per  meter)  to 


Since  the  data  were  obtained  for  a  wide  range  of 
temperature  and  fireestream  dynamic  pressure,  the  data 
were  nondimensionalized  using  freestream  parameters. 
The  pressure  is  presented  in  decibels  (dB)  with  pressure 
referenced  to  fire-stream  dynamic  pressure. 


fPL-20.Ibg-£- 


(5) 


The  frequency  is  nondimensionalized  using  cavity 
length,  I,  and  the  free-stream  flow  speed, 


3.2J5  Reaiiaapd  discussion 


An  illustration  of  an  acoustic  mode  shape  in  the  cavity 
can  be  obtained  by  plotting  the  amplitude  of  a  tone,  at 
a  given  fiequency,  measured  at  positions  along  the 
length  of  the  cavity.  Figure  4  presents  three  different 

mode  shapes  (corresponding  to  approximately 

equal  to  0.7, 1.1,  ar^  1.5)  in  a  cavity  with  1/h  =  6.7, 
Mach  3  0.80,  yaw  ^  0  degrees,  and  R  »  99  million  per 
foot  (325  million  per  meter).  Subsequent  data  will  be 
presented  as  acoustic  spectra.  Data  from  the  transducer 
that  was  located  furthest  upstream  will  be  used  in  this 
report  because  the  least  amoum  of  broadband  noise  was 
measured  at  that  location.  Except  where  indicated,  all 
data  are  presented  for  yaw  of  0  degrees. 

One  of  the  objectives  of  this  study  was  to  determine  if 
acoustic  tones  are  generated  by  cavities  with  the  same 
I/h  ratios  at  transonic  speeds  as  they  are  at  supersonic 
speeds.  Figures  5  and  6  present  plots  comparing  FPL 
spectra  for  the  four  l^  configurations  at  Mach  equal  to 
0.90  and  0.60.  Data  are  presented  for  the  highest 
Reynolds  number  obtain^  (100,  and  85  million  per 
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foot  (328  and  279  million  per  meter),  respectively).  A 
first  observation  is  that  the  deeper  the  cavity  (or  greater 
the  volume),  the  greater  the  acoustic  pressures.  Tones 
are  observed  for  cavities  with  l/ii  equ^  to  4.4  and  6.7 
and  not  20.0  which  agrees  with  data  obtained  previ¬ 
ously  under  supersonic  conditions.  An  unanticipated 
result  is,  while  no  tones  occur  at  Mach  >  0.90  for  a 
cavity  with  l/h  m  12.67,  they  do  occur  at  Mach  «  0.60. 
Data  for  M  s  0.20  was  only  available  for  l/h  equal  to 
4.4  and  6.7.  There  were  no  tones  apparent  and  no 
notable  differences  between  the  spectra. 
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Hgure4.  Acoustic  mode  shape  in  cavity. 
l/)i^.70,  M:^.80,  R399  million  per  foot 
(32S  million  per  meter). 
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Figure  5.  Effect  of  length-to-depth  ratio. 
M=0.90,  R=100  million  per  foot 
(325  million  per  meter). 
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Figure  6.  Effect  of  length-to-depth  ratio. 
Mz0.60,  R=85  million  per  foot 
(279  million  per  meter). 


Reynolds  number  appeared  to  have  little  effect  on  the 
FPL  spectra  measured.  Figure  7  gives  typical  resula 
for  a  cavity  with  l^  »  6.70  at  M^  ■  O.M. 

Returning  to  figures  5  and  7,  it  is  possible  to  observe 
the  effects  of  Mach  number  variation.  Tone  amplitude 
and  bandwidth  changed  with  Mach  number  as  well  as 
which  tones  dominated  the  spectra.  Again  it  is  impor¬ 
tant  to  note  the  change  in  FPL  spectra  for  l/h  >  12.67. 
It  appeals  that  a  change  in  flow  field  may  have  occurred 
as  the  Mach  number  decreased  from  0.9  to  0.6.  Static 
pressure  distributions  (see  ref.  49)  are  expected  to  aid  in 
identifying  the  flow  field  type  at  each  Mach  number. 
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Figure  7.  Effect  of  Reynolds  number. 
M-0.80,  |/h=6.70. 
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Figure  8.  Effect  of  yaw. 

Rs90  million  per  foot  (295  million  per  meter), 
l/h*=4.40. 

Granges  in  the  cavity  fluctuating  pressures  with  yaw 
angle  varied  with  Mach  number,  Reynolds  numbtf ,  l/h 
and  mode  order.  There  was  no  case  in  which  the  tones 
were  eliminated  altogether  indicating  a  change  from 
open  to  closed  cavity  type  flow.  Figure  8  gives  spec¬ 
tra  comparing  data  for  yaw  of  0  degrees  with 
15  degrees,  for  l/h  =  4.4,  R  =  90  million  per  foot 
(295  million  per  meter)  and  Mach  =  0.60.  Figure  8 
gives  the  corresponding  plot  for  Mach=0.90.  It  is  also 
apparent  that  some  tones  increase  in  amplitude  while 
others  decrease  with  an  increase  in  yaw.  An  example 
of  a  tone  increasing  in  ampliuide  is  the  third  mode 

approximately  equal  to  1. 1)  at  Mach  =  0.60. 
The  opposite  effect  is  seen  for  the  first,  second  and 
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fonh  modes  at  Mach  >  0.90.  An  interesting 
phenomenon  is  observed  at  Mach  ■  0.90.  Beginning 

with  the  third  mode  (/I approximately  equal  to 
1.1),  there  is  a  shift  down  in  the  higher  modal 
frequencies  with  increased  yaw.  This  may  result  from 
the  cavity  appearing  longer  to  the  shorter  wavelength 
modes  when  it  is  in  the  yawed  position.  As  the  cavity 
becomes  more  shallow,  these  effects  become  less 
dramatic.  There  was  no  effect  of  yaw  in  the  l/h  >  20.0 
conffguiation.  The  effect  of  yaw  at  Mach  >  0.20  was 
minimal. 

3.2.3  Summary 

Reynolds  number  appeals  to  have  little  effect  on  the 
acoustic  spectra  genoated  by  rectangular  cavities  at 
yaw  ■  0  degrees  for  Mach  numbers  0.20  though  0.90. 
Results  for  cavities  with  l/h  ratios  of  4.40  and  6.70 
were  consistent  with  supersonic  results.  For  a  cavity 
with  l/h  equal  lu  12.67  (transitional  at  supersonic 
speeds),  tbne  appears  to  be  a  change  in  flow  field  type 
as  the  Mach  number  decrease  to  0.60  and  tones  appear. 
Mode  amplitude  and  band  width  depended  on  Mach 
number.  There  were  no  tones  apparent  at 
Mach  ■  0.20.  The  effect  of  yaw  on  cavity  acoustics 
varied  with  Reynolds  number,  Mach  number,  l/h,  raid 
modenumber.  Higher  order  modes  shifted  down  in  fre¬ 
quency  with  yaw  at  Mach  equals  0.90. 

4.0  CONCLUSIONS 

In  the  first  part  of  the  paper,  the  conoibution  of  air¬ 
frame  noise  to  total  aircraft  noise  on  approach  was 
accessed  for  a  large  current  technology  transpon  and  for 
the  same  aiifirame  powered  with  BPR  10  engines  with 
an  additional  5  dB  noise  suppression  applied  to  the  fw 
and  turbine  noise  sources.  For  the  current  technology 
transport,  airframe  noise  was  found  to  be  10  EPNdB 
smaller  than  the  dominant  noise  source,  fan  dischar^ 
This  result  was  in  agreement  with  the  known  behavior 
of  current  technology  aircraft  The  airframe  noise  of 
the  envisioned  advanced  subsonic  transport  was  2  EPN 
dB  less  than  the  largest  contributor  to  the  total  aircraft 
noise,  the  fan  inlet  It  was  concluded  that  airframe 
noise  is  comparable  to  other  noise  sources  on 
approach,  and  further  reductions  of  approach  noise 
would  have  to  be  made  with  consideration  of  airframe 
noise.  Airframe  noise  was  not  viewed  as  an  absolute 
noise  floor.  Fi'tther  research  is  needed  to  investigate 
ways  to  reduce  it 

In  the  second  part  of  the  paper,  the  results  from  two 
recem  cavity  noise  wind  tunnel  experiments  are 
reported.  A  cavity  of  dimensions  1 1.2S  in.  (28.58  cm) 
long.  2.5  in.  (6.35  cm)  wide,  and  variable  dqpth  was 
tested  in  the  Mach  number  range  of  .20  through  .90. 
Reynolds  number  varied  from  5  to  100  million  per 
foot  (16  to  328  million  per  meter).  The  I/d  ratio  was 
varied  from  4.4  to  20.0.  The  model  was  tested  at  yaw 
angles  from  0  to  15  degrees.  In  general,  the  deeper  the 
cavity,  the  greater  the  amplitude  of  the  acoustic  tones. 
Reynolds  number  appear^  to  have  little  effect  on 
acoustic  lone  amplitudes  when  they  existed.  Tone  am¬ 
plitude  and  bandwidth  changed  with  Mach  number. 


The  effect  of  yaw  on  acoustic  tones  varied  with 
Reynolds  number,  Mach  number,  l/h,  and  mode  num¬ 
ber.  At  Mach  number  0.90.  increased  yaw  shifted  the 
tone  frequencies  of  the  highra  modal  fii^uencies  to 
lower  frequencies.  As  cavity  depth  decresBed,  the  effea 
of  yaw  decreased. 
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Discussion 


QUESTION  BT:  L.  Foccnar,  UnlveraiCAC  der  Bundaswehr,  Gacnany 

Could  you  pleaaa  comaenc  on  Cha  ratio  of  airfraate/engine 
noisa  propagation  for  combat  aircraft? 


AUTHOR'S  RESPONSE: 

It  la  the  co-authors  undarstandlng  that  tha  predictions  mada 
for  the  DClO  would  be  Identical  fox  Che  KCIO  military 
transport  and  chat  the  projected  anhancementa  to  Che 
propulsar  would  apply  for  an  advancad  military  transport. 
(Since  Che  "advanced  technology  tranaporc*  exists  only  on 
paper,  It  la  possible  to  call  It  an  advanced  technology 
military  transport.)  Tha  characteristics  of  the  advanced 
propulser  were  obtained  using  Che  NAVY/NASA  Engine  Program  as 
described  In  the  paper. 

QUESTION  BT:  H.  Kdrner,  OLR  Braunschweig,  Germany 

Engines  with  large  b)rpass- ratio  will  be  installed  very  near 
Co  Che  wing.  This  may  result  in  a  high- lift  flap 
configuration,  where  you  have  externally  blown  flaps.  Do  you 
have  an  estimate  or  results  how  much  this  influences  the 
airframe  noise  level? 


AUTHOR'S  RESPONSE: 

Unfortunately,  I  can  not  answer  this  question.  It  would  be 
better  addressed  to  the  first  author. 

QUESTION  BT:  H.  Kdmer,  OLR,  Germany 

Tou  did  your  Investigations  in  a  cryogenic  wind  tunnel.  Did 
you  have  difficulties  with  the  pressure  transducer  working  in 
'  a  cryogenic  surrounding? 


AUTHOR'S  RESPONSE; 


The  transducers  contained  a  temperature  compensation  module 
and  we  had  them  calibrated  for  the  test  range  of 
temperatures.  The  calibration  indicated  that  the  sensitivity 
of  the  transducers  did  not  deviate  from  reference  sensitivity 
by  more  than  10  Z  (manufacturers  specifications).  The 


M2 

majoricy  of  the  data  obcalned  while  varying  Reynolds  number 
(cemperacure)  did  not  change  In  a  way  ChaC  would  Indicate  a 
change  In  sensitivity. 

(Unfortunately  the  calibration  was  done  at  a  single  frequency 
so  1  can  not  say  definitively  that  there  was  no  change  in 
sensitivity  for  the  entire  frequency  range.) 

QUESTION  BY:  H.Kdrner,  DLR,  Germany 

Your  investigations  show  that  there  is  small  influence  of 
Reynolds  number.  This  indicates  that  viscous  effects  are  not 
dominating  this  problem.  It  should  therefore  be  possible  to 
have  an  appropriate  CFD  approach  using  Euler-equations .  Could 
you  comment  on  this? 

AUTHOR'S  RESPONSE: 

Thera  is  ongoing  work  with  both  Navier-Stokes  codes  and  Euler 
codas.  Although  we  do  not  have  direct  comparisons  with  our 
experimental  data  we  are  pleased  with  what  we  see  from  the 
Euler  calculations. 

QUESTION  BY:  P.  Artaz,  SNECMA,  Franca 

Est-11  possible,  avec  votre  modele,  d'Avaleur  la  calibration 
parametrique  de  chacune  des  regions  de  la  cellule  (vollure, 
volets,  trains . )7 

With  your  model,  is  it  possible  to  evaluate  the  respective 
contribution  of  each  part  of  the  airframe  (wings,  flaps,  . 
gear, . . .)? 

AUTHOR'S  RESPONSE: 

Yes  -  Table  3  in  the  paper  gives  the  results  calculated  for 
nose  landing  gear,  leading  edge  slat,  trailing  edge  flap, 
main  landing  gear. 

QUESTION  BY:  R.E.  Smith,  Jr.  Consultant,  U.S. 

What  is  the  state  of  the  boundary  layer  on  the  tunnel  wall  at 
the  leading  edge  of  the  cavity?  What  is  the  influence  of  this 
boundary  layer  on  the  cavity  results? 

AUTHOR'S  RESPONSE: 

Of  course  boundary  layer  thickness/cavity  depth  has  been 
determined  to  be  an  important  parameter  in  the  generation  of 
cavity  tones.  That  is  why  it  was  important  to  maintain  a 
boundary  layer  of  (approximately)  constant  thickness 
throughout  the  study.  We  believe  that  the  boundary  layer  that 
had  developed  on  the  side  wall  of  the  tunnel  approaching  the 
cavity  did  not  vary  significantly  for  the  Reynolds  number 
range  tested.  (The  paper  includes  the  measured  values.) 

Also  there  was  fully  developed  turbulence  (a  laminar  boundary 
layer  approaching  the  cavity  would  produce  much  more  incense 
Cones)  . 

Although  we  had  flight  Reynolds  numbers  (based  on  cavity 
length)  we  cannot  say  that  we  had  boundary  layer 
thickness/cavity  depth  matching  full  scale  aircraft.  We  are 
currently  working  with  a  larger  model  in  the  Langley  8  foot 
Transonic  Pressure  Tunnel. 
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SUMMARY 

Flyover  noise  measurements  are  evaluated 
for  four  different  military  jet  aircraft 
types  flying  at  low  altitudes.  Flight  Mach 
numbers  ranged  from  O.S  to  0.9.  The  ana¬ 
lysis  shows  that  noise  immission  is  caused 
by  jet  mixing  and  broadband  shock  associ¬ 
ated  noise.  Based  on  the  exper  .^mental  re¬ 
sults  existing  noise  prediction  schemes 
are  extended  toward  higher  subsonic  fligh* 
Mach  numbers.  The  novel  prediction  schemes 
describe  the  observed  acoustic  signatures 
quite  accurately.  This  holds  for  the  over¬ 
all  sound  pressure  level  in  dependence  of 
the  emission  angle,  for  sound-pressure 
level  time  histories  and  for  one-third- 
octave  spectra. 


1.  IMTRODUCTION 

In  recent  years  military  jet  aircraft 
noise  became  a  major  community  noisa  prob¬ 
lem.  In  addition  to  the  sound  immission 
near  airfields  caused  from  starting  and 
landing  airplanes  the  noise  from  military 
jet  aircraft  flying  with  high  subsonic 
speeds  a*  low  altitudes  constitutes  a  par¬ 
ticular  problem.  The  latter  one  is  the 
concern  of  the  present  investigation. 

The  in-flight  sound  emisi,ion  of  a  jet  air¬ 
craft  in  general  is  created  in  the  jet  en¬ 
gine  itself  and  in  the  downstream  free 
jet.  At  certain  flight  conditions,  for  ex¬ 
ample  approach,  airframe  noise  may  also 
contribute  to  the  total  sound  emission.  In 
Figure  1  the  jet  engine  and  the  jet  are 
shown  schematically.  Significant  internal 
noise  sources  are  the  fan  and  the  turbine, 
while  external  sound  is  generated  by  the 
jet  as  jet  mixing  noise  and  also,  under 
certain  circumstances,  as  shock  noise.  Jet 
mixing  noise  is  caused  by  the  turbulent 
mixing  process  of  the  hot  core,  the  cold 
by-pass,  and  the  ambient  stream.  A  prereq¬ 
uisite  for  the  occurrence  of  shock  noise 
is  that  the  Mach  number  of  the  fully  ex¬ 
panded  jet  becomes  larger  than  one  and 
that  the  nozzle  lip  pressure  differs  from 
the  ambient  pressure.  Then  the  free  jet 
consists  of  a  supersonic  jet  plume  with  a 
regular,  quasi-stationary  shock  cell 
structure  and  an  outer  subsonic  region 
(see  Figure  1).  Inside  the  supersonic  core 
interaction  of  convecting  disturbances  and 
the  shock  cells  may  lead  to  broadband 
shock  associated  noise.  For  more  details 


concerning  development  and  characteristics 
of  jet  mixing  and  shock  noise  the  reader 
may  refer  e.g.  to  Smith  /!/  and  Seiner 
/2/. 


Combustion  Turbulent 

Fan  System  mixing  region 


Shodt  neis0  J»t  mixing  noise 


Figure  1.-  Schematic  illustration  of  a  jet 
engine  and  the  jet 

I 

An  important  objective  of  this  study  about 
noise  immission  of  jet  aircraft;  flying 
with  high  subsonic  flight  speeds  at  low 
altitudes  is  the  identification  of  the 
dominating  noise  sources.  For  that:  purpose 
extended  flyover  measurements  ard  evalu¬ 
ated  (Section  2)  and  analyzed  iuj  detail 
(Section  3).  Based  on  these  experimental 
results,  existing  noise  prediction  schemes 
will  be  extended  to  high  subsonic  flight 
speeds  in  Section  4.  Finally,  the  flyover 
noise  data  will  be  compared  with  predic¬ 
tion  in  Section  5. 


2.  EXPERIMENTAL  PROCEDURES  AND  DATA 
EVALUATION 

The  DLR  was  not  involved  in  the  flyover 
measurements  themselves,  however,  the  ex¬ 
perimental  data  were  made  available  to  the 
authors  as  microphone  signals  stared  on 
tape.  Figure  2  shows  the  experimental  test 
set-up.  The  aircraft's  nominal  altitude 
above  ground  during  the  flight  tests  was 
75  m.  The  flight  speed  was  determined  from 
the  airspeed  indicator  in  the  cockpit.  The 
jet  conditions  had  to  be  computed  from  the 
aircraft-engine  flight  data  by  assuming 
the  aircraft's  drag  condition.  Sound  im¬ 
mission  was  measured  by  using  an  array  of 
microphones  positioned  on  an  axis  vertical 
to  the  flight  path.  The  acoustic  signals 
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of  thre*  microphones  with  distances  y  • 
Q  m,  -t'lOO  m,  and  -100  m  to  tha  flight  path 
were  utilized.  The  microphone  height  was 
given  as  l.S  m  above  a  grass  surface.  In 
Figure  2  the  emission  angle  i  is  defined 
as  the  angle  relative  to  the  flight  direc¬ 
tion. 


Microphone  Microphone  Hicropnons 

y.-WOm  y.  On  y..100m 


! 


75m 


Figure  2.-  Flight  test  set-up 


By  utilizing  two  goniometers,  the  altitude 
and  sideline  deviation  from  the  defined 
flight  path  were  determined  for  later  cor¬ 
rection.  The  goniometer  in  prolongation  of 
the  microphone  axis  was  also  used  to  de¬ 
termine  the  time  when  the  plane  crossed 
the  microphone  axis.  At  that  moment  a 
sounding  impulse  wac  released  by  hand. 
This  impulse  was  recorded  on  magnetic  tape 
in  addition  to  the  microphone  signals. 
This  procedure  and  the  Knowledge  of  the 
airci aft's  flight  speed  peimit  the  corre¬ 
lation  of  the  acoustical  data  and  the  po¬ 
sition  of  the  aircraft  at  any  t.me  during 
the  flight  test. 

It  ; hould  be  mentioned  here  that  for  the 
purpose  of  this  study  it  would  have  been 
better  to  place  the  microphones  on  the 
ground,  to  determine  aircraft  position  and 
airspeed  more  accurately,  and  to  record 
the  }et  exhaust  conditions  with  an  instru¬ 
mented  aircraft. 

Flyover  noise  data  were  available  for  four 
different  military  ]et  aircraft.  For  every 
plane  noise  data  were  evaluated  for  2  or  3 
different  flight  speeds  or  Mach  numbers. 
Altogether,  flight  Mach  numbers  ranged 
from  »  0.5  to  0.9,  approximately.  In 
order  to  obtain  more  reliable  results,  be¬ 
tween  four  and  eight  flight  tests  f->r  each 
iircraft  and  Mach  number  were  included  in 
tne  uata  acquisition. 


Tha  microphone  data  were  digitized  and 
then  evaluated  utilizing  the  Fast  Fourier 
Transformation  (FFT)  in  order  to  obtain 
frequency  spectra  and  overall  sound  pres¬ 
sure  levels.  The  FFT  was  carried  out  for 
"de-Dopplerized“  time  series.  This  proce¬ 
dure  eliminates  the  Doppler  frequency 
shift  which  would  otherwise  have  obscured 
the  frequency  spectra  and  smeared  out 
tonal  contributions  in  the  spectra.  Using 
the  International  Standard  ISO  3891  /3/, 
attenuation  due  to  atmospheric  absorption 
war  corrected  separately  for  every  micro¬ 
phone.  Ground  reflection  and  attenuation 
effects  could  only  be  corrected  in  a  fre¬ 
quency  independent  manner  (see  Bbttcher 
and  Michel  /4/ ) . 

Noise  signals  were  evaluated  for  the  emis¬ 
sion  angle  range  8  ■  30  to  ISO  degrees. 
The  results  for  all  emission  angles  were 
normalized  to  a  wave  normal  distance  of 
75  m  which  leads  to  the  so-called  polar 
presentation.  with  exception  of  the 
sound-pressure  level  time  histories  all 
results  will  be  shown  in  wind-tunnel  coor¬ 
dinates,  i.e.  in  a  coordinate  system  where 
“de-Doppler i zed"  data  are  plotted.  By  this 
means  the  results  for  different  emission 
angles  and  different  flight  Mach  numbers 
can  be  compared  more  easily.  All  sound 
pressure  levels  are  plotted  with  no 
weighting  in  order  to  show  the  physical 
aspects  more  clearly.  For  further  descrip¬ 
tion  and  discussion  of  the  data  acquisi¬ 
tion  and  evaluation  process  one  should  re¬ 
fer  to  /4/. 


3.  DATA  ANALYSIS 
3 . 1  Data  Accuracy 

The  objective  of  this  'jection  is  to  demon¬ 
strate  the  accuracy  of  the  measurements. 
For  that  purpose,  first  results  for  the 
three  different  microphones  positioned  at 
y  •  0  m,  +100  m,  and  -100  m  will  be  com- 
parad.  In  Figure  3  the  overall  sound  pres¬ 
sure  level  (OASPL)  is  plotted  in  polar 
presentation  for  a  single  flight  test  for 
the  different  microphones  versus  the  emis¬ 
sion  angle.  Flight  Mach  number  is  M,  » 
0.73.  One  can  observe  from  the  figure  Chat 
the  OASPL  for  the  microphone  positioned 
directly  below  the  flight  path  (at  y  « 
0  m)  is  on  average  slightly  above  the 
OASPL  for  the  microphones  in  the  sideline 
positions. 

Figure  4  shows  one-thlrd-octave  spectra  of 
the  three  microphones  for  the  same  flight 
test  as  in  Figure  3.  The  emission  angle  is 
90  degrees.  Again  the  sound  pressure  level 
(SPL)  for  the  microphone  at  y  =  0  m  is 
tendentiously  above  the  SPL  for  the  side¬ 
line  microphones. 

The  differences  between  the  three  micro¬ 
phone  positions  in  Figure  3  and  4  can  be 
explained  with  ground  reflection  and 
ground  attenuation  effects  and  in  addi¬ 
tion,  with  lateral  attenuation  effects. 
These  effects  could  not  be  corrected  in  a 
freq'iency  dependent  manner  (see  /A/).  Nev¬ 
ertheless,  the  sound  pressure  level  dif¬ 
ferences  for  microphone-  placed  at  differ¬ 
ent  positions  can  be  accepted  in  this 
study  considering  the  overall  accuracy  of 
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maasurements.  This  holds  espacially  since 
the  averaging  of  results  over  three  micro¬ 
phone  positions  and  up  to  eight  flights 
tests  leads  to  a  "smoothing*  of  the  ob¬ 
served  effects  and  therefore,  to  a  minimi¬ 
zation  of  the  absolute  error. 


Emitsion  angle 


Figure  3.-  Measured  overall  sound  pressure 
level  versus  emission  angle 
(relative  to  flight  direction) 
for  a  single  flight  test  at 
flight  Mach  number  •  0.73 

for  three  microphones'^  at  dif¬ 
ferent  positions.  The  results 
ace  plotted  in  polar  presenta¬ 
tion 
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Figure  4.-  Measured  one-third-octave  spec¬ 
tra  for  a  single  flight  test  at 
flight  Mach  number  M-  »  0.73 
for  three  microphones^  at  dif¬ 
ferent  positions.  Emission 
angle  is  90  degrees 


In  order  to  demonstrate  the  typical  scat¬ 
ter  between  results  for  nominally  identi¬ 
cal  test  conditions,  acoustical  signals 
for  different  flight  tests  conducted  with 
the  same  aircraft  type  are  compared  next. 
Flight  Mach  number  is  M.  »  0.73  again. 
Figure  5  shows  the  OASPL  versus  the  emis¬ 
sion  angle  in  polar  presentation.  For 
every  flight  test,  averaging  was  carried 
out  for  the  acoustical  signals  of  all 
three  evaluated  microphones.  With  excep¬ 
tion  of  flight  test  No.  3  one  can  observe 
from  Figure  5  that  the  scatter  of  measured 
OASPL  between  the  different  flyover  tests 
IS  negligible,  i.e.  the  variation  is  smal¬ 


ler  than  sl.S  da.  For  flight  test  No.  5 
the  figure  indicates  an  OASPL  systemati¬ 
cally  up  to  2  dB  below  average  in  the 
emission  angle  range  90  to  150  degrees. 
Nevertheless,  again  this  variation  can  be 
accepted,  if  the  study's  overall  accuracy 
is  taicen  into  consideration,  i.e.  also  the 
acoustic  signals  from  flight  test  No.  5 
can  be  included  in  the  averaging  process. 


Emission  angle 


Figure  5.-  Measured  overall  sound  pressure 
level  versus  emission  angle 
(relative  to  flight  direction) 
for  five  flight  teats  performed 
with  the  same  aircraft  type  un¬ 
der  nominally  identical  test 
condition.  Flight  Mach  number 
IS  M,  »  0.73.  For  every  test 
the  Acoustic  signals  of  all 
three  microphones  are  averaged 


Figure  <  shows  time  histories  of  the  sound 
pressure  level  for  the  five  flyover  tests 
already  utilized  in  the  previous  figure. 
Here  only  the  acoustical  signals  for  the 
microphone  positioned  at  y  •  0  m  are  uti¬ 
lized.  At  the  X-axis  of  Figure  6  the  time 
t  •  0  s  marics  the  moment  the  aircraft 
crossed  the  microphone  axis.  One  can  ob¬ 
serve  that  the  noise  level,  time  histories 
for  all  flight  tests  are  quite  similar. 
Especially,  the  pealc  value  for  all  tests 
appears  nearly  at  the  same  time.  One 
should  note  the  steep  ascent  prior  to  the 
maximum  which  will  be  discussed  in  Sec¬ 
tion  5. 

Finally,  Figure  7  shows  one-third-octave 
spectra  for  five  flight  tests  at  flight 
Mach  number  H.  >  0.73.  Emission  angle  is 
90  degrees.  Here  again  -  as  in  Figure  5  - 
the  acoustical  signals  of  all  three  evalu¬ 
ated  microphones  are  averaged  for  every 
flight  test.  Figure  7  again  demonstrates 
that  the  scatter  in  general  is  small 
between  results  of  different  flyover  tests 
at  nominally  identical  test  conditions. 
This  holds  for  both  the  shape  of  the 
spectra  and  the  absolute  values  of  the 
measured  sound  pressure  levels. 


3.2  Source  Identification 

An  important  objective  of  this  study  is 
the  identification  of  the  dominating  noise 
sources.  For  tnat  purpose  frequency  spec¬ 
tra  for  different  flight  Mach  numbers  and 
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Figure  6.-  Measured  sound-pressure  level 
time  histories  for  five  flight 
tests  performed  with  the  same 
aircraft  type  under  nominally 
identical  test  conditions  for 
the  microphone  positioned  at  y 
0  m.  Flight  Mach  number  is 
0.73.  Time  t  ■  0  s  denotes  the 
flyover  moment 


emission  angles  will  now  be  analyzed.  Fig¬ 
ures  8  a-d  in  each  case  show  nine  one- 
third-octave  spectra  for  emission  angles 
from  30  to  ISO  degrees  in  steps  of  IS 
degrees.  Results  for  flight  Mach  number  H. 
■  0.64  are  plotted  in  Figure  8  a.  for  M,  * 
0.73,  0.80,  and  0.87  in  Figures  8  b,^c, 
and  d,  respectively. 


As  a  first  result  from  the  figures  it  can 
be  stated  that  no  distinct  sound  pressure 
level  peaks  can  be  identified  in  the  one- 
third-octave  spectra.  This  finding  is  con¬ 
firmed  by  the  corresponding  narrowband 
spectra  (bandwidth  2S  Hz).  On  the  other 
hand,  internal  noise  sources  such  as  the 
fan,  the  compressor,  and  the  turbine  will 
always  contribute  tonal  components  which 
should  appear  as  distinct  peaks  in  the 
narrowband  spectra.  Therefore,  it  is  con¬ 
cluded  that  internal  noise  sources  of  this 
kind  are  not  important  for  the  sound  emis¬ 
sion. 


On  the  other  hand  sound  pressure  level 
peaks  (marked  with  an  arrow)  which  mostly 
cover  two  one-third-octave  bands  can  be 
seen  in  the  frequency  spectra  of  Figures  8 
a-d.  At  lower  flight  Mach  numbers  the 
peaks  only  appear  at  small  emission  angles 
(see  Figures  8  a  and  b).  At  higher  flight 
Mach  numbers  or  correspondingly  higher  jet 
Mach  numbers  (the  latter  one  is  of  more 
importance  for  the  discussion,  see  below) 
the  peaks  also  can  be  observed  at  higher 
emission  angles  (see  Figures  8  c  and  d)  . 
At  a  constant  Mach  number  the  peak's  fre¬ 
quency  increases  with  increasing  emission 
angle.  However,  the  peaks  vanish  for 
angles  of  about  120  degrees  and  above, 
i.e.  towards  the  rear  radiation  arc. 

According  e.g.  to  Seiner  /2/  sound  pres¬ 
sure  level  peaks  with  the  stated  charac¬ 
teristics  are  caused  most  likely  by  broad¬ 
band  shock  associated  noise.  As  mentioned 
before,  shock  noise  is  generated  by  the 
interaction  of  convecting  disturbances  and 
the  regular  shock  cell  structure.  The  lat¬ 
ter  one  appears  if  the  supersonic  jet  Mach 
number  differs  from  the  nozzle  design  Mach 
number.  In  the  present  examples  of  Fig¬ 
ures  8  a -d  the  jet  Mach  number  increases 
from  M-  «  1.09  to  1.47  (compare  the  cap¬ 
tions  of  Figures  8  a-d),  while  the  design 
Mach  number  of  the  nozzle  is  constant  at 
M.  »  1.0.  In  these  cases  the  shock  cells 
are  still  quite  weak.  Since  the  distinct 
characteristics  of  shock  noise  are  most 
easily  observed  at  small  angles  to  the 
flight  direction  (after  /2/),  it  seems 
reasonable  that  they  are  visible  at  small 
emission  angles  but  not  at  large  ones. 


1  1.  kHz  10. 

Frequency 

Figure  7.-  Measured  one-third-octave  spec¬ 
tra  for  five  flight  tests  per¬ 
formed  with  the  same  aircraft 
type  under  nominally  identical 
test  conditions.  Flight  Mach 
number  is  M,  •  0.73,  and  emis¬ 
sion  angle  Is  90  degrees.  For 
every  test  the  acoustic  signals 
of  all  three  microphones  are 
averaged 


Apart  from  these  "broadband"  peaks  it  is 
very  likely  that  jet  mixing  noise  is  re¬ 
sponsible  for  the  noise  immission  at  high 
subsonic  flight  Mach  numbers.  This  conclu¬ 
sion  is  based  on  the  characteristic  shape 
of  the  frequency  spectra  and  their  varia¬ 
tion  with  shifting  emission  angle  (e.g. 
compare  the  frequency  spectra  presented  by 
Drevet  et  al.  /5/).  Airfreune  and  combus¬ 
tion  noise  will  certainly  be  a  component 
of  the  total  flyover  sound  immission.  How¬ 
ever,  from  the  frequency  spectra  there  is 
no  conclusive  indication  for  the  impor¬ 
tance  of  airframe  or  combustion  noise  in 
the  high  speed  cases  discussed  here. 
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Pleura  8«.-  Maaturad  ona-third-octave 

apactra  for  emlaaion  anglas 
from  .j  to  ISO  degrees  at 
flight  Mach  number  M,  -  0.64 
and  jet  Mach  number  Nf  •  1.09. 
Individual  spectra  are  sepa¬ 
rated  7.5  da  in  each  case  in 
the  ordinate  scale  for  clarity 


Praduancy 


Figure  Be.-  As  Figure  8a,  only  for  flight 
Mach  number  M,  •  0.80  and  jet 
Mach  numoer  nF  ••  1.29 


Frequency 

Figure  8b.-  As  Figure  8a,  only  for  flight 
Mach  number  M.  •  0.73  and  jet 
Mach  number  m5  •  1.19 


Frequency 


Figure  8d.-  As  figure  8a,  only  for  flight 
Mach  number  M,  »  0.87  and  jet 
Mach  number  1.47 


4.  PREDICTION  SCHEMES  FOR  JET  NOISE 

— . .  ~~i"" 

To  date>  prediction  scheme*  | a re  available 
for  jet  mixinq  noise  up  to  la  fliqht  Mach 
number  of  approximately  M.  >>0.4  (e.q.  SAE 
/6/  and  Mlchalke  and  Michel  j  /7/|  and  for 
broadband  shock  associated  noise  up  to  ap¬ 
proximately  M,  •  0.5  (e.q.  Tam  /8/).  In 

order  to  enable  a  comparison  with  the  ex¬ 
perimental  results  both  schemes  had  to  be 
extended  towards  hiqher  subsonic  fliqht 
Mach  numbers  up  to  approximately  M,  •  0.9 
and  the  thereto  attached  hiqher  jet  tem¬ 
peratures.  In  this  chapter  the  necessary 
extensions  will  be  discussed. 


4.1  Jet  Mixinq  Noise 


The  empirical  SAE  method  /6/  is  a  fairly 
reliable  scheme  to  predict  the  jet  mixinq 
noise  of  sinqle  stream  jets  at  take-off 
and  approach.  The  SAE  overall  sound  pres¬ 
sure  level  in  fliqht  is  qiven  as 

(1)  OASPLj  •  OASPLg 


♦  10  (s  loq(Oj/Ogl 

-  10  m  loq(0j/(0j-Uj)l 

-  10  loqd-Mj  cos  9), 

Here  OASPL  .  desiqnates  the  overall 
sound  pressSfi^ level  of  the  static  jet  at 
constant  density.  0.  and  U.  are  the  jet 
and  the  fliqht  speedl  respectively,  and  a 
is  the  ambient  speed  of  sound,  q.  and 
denote  the  jet  and  the  ambient  ^density? 
respectively.  The  second  line  of  (1)  de¬ 
scribes  the  density  influence  expressed 
with  the  density  exponent  u.!  In  the  third 
line  the  influence  of  the  relative  veloc¬ 
ity  variation  is  considered  in  terms  of 
the  velocity  exponent  m.  ui  and  m  were  de¬ 
termined  utilizinq  experiment;al  results. 

For  an  extension  towards  hiqher  subsonic 
fliqht  Mach  numbers  Michel  and  Bottcher 
/9/  suqqest  the  followinq  equation  to  cal¬ 
culate  the  overall  sound  pressure  level: 


(2)  OASPLj  »  OASPLg 


♦  lOloq 


(1-D^/Og) (l-MjC08e)]2j 

'"j-"f>/«o  1 


-  10  m  loq  lU^/(Uj-iJj)] 

-  30  loq  (I-Mjcosei 


♦  20  loq  o. 

Here  o  denotes  the  stretchinq  factor  which 
accounts  for  the  stretching  of  the  jet 
plume  in  flight.  According  to  /7/ 

(3)  o  -  1  ♦  1.4  Oj/(0^-Uj) . 

A  detailed  discussion  of  the  extended  pre¬ 


diction  scheme  for  jet  mixinq  noise  can  be 
found  in  /9/.  In  this  paper  only  the  most 
important  aspects  will  be  mentioned: 

o  The  second  line  of  equation  (2)  re¬ 
places  the  SAE  method  density  term.  The 
density  influence  now  consists  of  a 
quadrupole  and  a  dipole  term  similar  to 
the  theory  presented  in  /7/.  The  first 
term  in  braces  describes  the  quadrupole 
portion,  the  second  term  the  dipole 
portion. 

o  The  third  line  of  equation  (2)  -  as  in 
the  SAE  method  -  describes  the  influ¬ 
ence  of  the  relative  velocity  variation 
to  the  noise.  The  exponent  m  was  deter¬ 
mined  empirically  by  utilizinq  the  ex¬ 
perimental  results  available  for  this 
study. 

o  The  fourth  line  describes  the  convec¬ 
tive  amplification  due  to  the  fliqht 
speed.  In  contrast  to  the  SAE  method 
the  Doppler  factor  now  is  ut.ed  as  third 
order  term  to  improve  the  agreement 
with  the  measured  results. 

o  The  last  line  of  equation  (2)  describes 
the  amplification  due  to  the  stretchinq 
of  source  and  coherence  volume  in 
fliqht. 

o  The  relative  one-third-octavo  sound 
pressure  level  of  the  SAE  method  was 
calculated  utilizinq  the  Strouhal 
number 

(4)  St  »  (f  Dj)/[  £(U.-0j)]. 

Here  f  is  the  frequency,  D.  the  fully 
expanded  jet  diameter,  and  the  Strou¬ 
hal  frequency  adjustment  factor  of  the 
SAE  method  determined  as  a  function  of 
U..  Including  the  stretchinq  factor  one 
now  obtains 

(5)  St  «  (f  D^ )/[  o  £(0^-Uj)) 

for  the  Strouhal  number  in  the  wind- 
tunnel  coordinate  system. 


4 . 2  Broadband  Shock  Associated  Noise 


In  order  to  calculate  the  broadband  shock 
associated  noise,  a  theoretical  approach 
of  Tam  /8/  was  utilized.  As  mentioned  be¬ 
fore,  Tam's  prediction  scheme  includes  the 
flyover  case  with  flight  Mach  numbers  up 
to  M-  •  0.5,  whereas  several  correction 
factA's  were  determined  by  comparison  with 
experimental  results  of  Norum  and  Shearin 
/lO/.  For  extension  towards  M^  =  0.9  the 
following  modifications  are  *^racommended 
here:  / 


o  According  to  Tam  (Equation  (3.4)  in 
/8/)  the  convection  speed  of  the  dis¬ 
turbances  is  ■  ^ 


(6)  U 


Uj  +  0.7  (Uj-Uj) 


After  Tam  the  broadband  shock 'associ¬ 
ated  noise  is  generated  far  downs^Tesm 
at  the  end  of  the  potential  coreT" 
There,  a  lower  convection  speed  can  be 


justified  which  better  describes  the 
peak's  Doppler  shift  in  the  measured 
frequency  spectra.  Therefore,  here  the 
relationship 

(7)  Og  •  Uj  ♦  (Cj/(Pj+Oq)1 

is  used.  This  formula  also  considers  an 
influence  of  jet  density  and  ambient 
density  on  convection  speed. 

o  The  governing  parameter  influencing  the 
shock  noise  peak  frequency  is  the 
Doppler  shift.  In  contrast  to  Tam's 
Doppler  factor  (see  the  denominator  of 
his  equation  (3.8))  the  interaction  be¬ 
tween  convecting  disturbances  and  the 
shock  cells  here  leads  to  the  Doppler 
factor 


(8)  DF  - 


ri-(Mg-Mj)cosa] (l-MjCOsS) 

for  the  wind-tunnel  coordinate  system. 
In  thio  equation  M  •  U  /a  is  the  con¬ 
vective  Mach  number. 

The  broadband  shock  associated  noise 
frequency  peaks  are  also  influenced  by 
the  wave  number  of  the  shock  wave  modes 
in  flight.  Tam  uses  the  following  ap¬ 
proximation  (see  equation  (3.7)  in  /8/) 
for  the  influence  of  flight  Mach  num¬ 
ber: 


(9)  k|j|(  flight) 


1/(1  +  0.625  Hj). 


In  the  present  case  of  higher  Mach  num¬ 
bers  one  gets  a  better  agreement  with 
the  measured  frequencies  by  using  the 
approximation 

(10)  k|||(fllght)  -  1  +  0.1  Mj. 

While  k  (flight)  is  reduced  with  in¬ 
creasing  flight  Mach  number  in  Tam's 
approximation,  it  now  increases  with 
increasing  Mach  number  after  equation 
(10).  Higher  k  (flight)  corresponds  to 
shorter  longitudinal  structures  in  the 
supersonic  jet  plume  (see  Figure  1). 

o  Tam's  amplitude  factor  (his  equation 

(3.7))  contains  the  proportionality 


(11)  F 


(U^  Og)'/(l-Mf*  si.'i'e). 


In  comparison  to  the  theory  of  Tam  a 
different  convective  amplification  is 
assumed  here  for  the  same  reasons  which 
already  have  led  to  equation  (8).  In 
addition,  the  influence  of  speed  and 
density  changed  because  broadband  shock 
associated  noise  depends  on  the  turbu¬ 
lence  intensity.  This  leads  to  the  fol¬ 
lowing  proportionality: 

(12)  F  -  [(U.-U.)  Ojl'/d-MjCnse)' 

The  factor  U  /U ,  in  Tam's  equation 

(3.7)  is  elinii^iat'ed.  By  tl  is  means  the 
spectral  width  of  the  sin.tle  modes  in 
the  frequency  spectra  is  slightly  en¬ 
larged. 
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(3.7)  in  /8/)  is  altered  from 

c  -  2.65  lo'*  S„  (S„  -  0.35)  to 
o  o 

C  -  1.10  10*^  s_. 


5.  COMPARISON  OF  MEASURED  AND  CALCULATED 
RESULTS 

The  comparison  of  experimental  and  calcu¬ 
lated  results  will  be  demonstrated  for  the 
overall  sound  pressure  level  in  dependence 
of  the  emission  angle,  for  sound-pressure 
level  time  histories  and  for  one-third- 
octave  spectra.  Altogether,  the  comparison 
was  carried  out  for  results  in  the  flight 
Mach  number  range  M-  -  0.54  to  0.87.  As  in 
Section  3,  all  sound  pressure  levels  are 
plotted  with  no  weighting.  With  exception 
of  noise  level  time  histories  the  results 
will  be  presented  in  the  wind-tunnel 
coordinate  system. 

Figures  9  a,b  show  the  OASPL  versus  the 
emission  angle  in  polar  presentation  for 
flight  Mach  numbers  M,  >  0.64  (Figure 
9  a)and  0.80  (Figure  9  IS).  Calculated  jet 
mixing  and  broadband  shock  associated 
noise  yield  the  total  jet  noise.  A  good 
agreement  between  experimental  results  and 


Emission  angle 

Figure  9a.-  Measured  and  calculated  over¬ 
all  sound  pressure  level  ver¬ 
sus  emission  angle  (relative 
to  flight  direction)  in  polar 
presentation  at  flight  Mach 


nunUier  M, 


0.64 


o  To  further  Improve  the  agreement  with 
the  measured  sound  pressure  levels  the 
proportionality  factor  c  (see  equation 


Figure  90.-  As  Figure  9a,  only  for  flight 
Mach  number  M^  =  0.80 


/ 


calculattd  total  jet  nolaa  with  devlationa 
of  typically  leea  then  or  equal  to  tl.S  dB 
at  most  is  observed. 


The  figures  make  it  clear  that  the  shock 
noise  influence  may  be  neglected  at  small 
flight  Mach  numbers  (see  Figure  9  a  for  M, 
•  0.64).  The  reason  is  a  jet  Mach  numbef 
only  slightly  larger  than  1.0  (compare 
with  the  discussioiv  in  Section  3).  At 
larger  flight  Mach  number  (and  larger  jet 
Mach  number,  respectively)  the  shock  noise 
becomes  mors  important.  Nevertheless,  it 
may  be  concluded  from  Figure  9  b  that  the 
OASPL  at  M.  •  0.80  i.  still  dominated  by 
jet  mixing ‘noise. 

One  can  see  from  Figure  9  a,b  that  tha 
OASPL  of  the  calculated  jet  mixing  noise 
has  its  maximum  at  small  angles  to  the 
flight  direction.  This  result  is  in  con¬ 
trast  both  to  the  stationary  case  and  to 
the  results  at  low  flight  Mach  numbers 
where  the  maximum  is  observed  at  high 
emission  angles.  However,  the  present  re¬ 
sult  can  be  explained  with  the  Doppler  am¬ 
plification  of  the  noise  level  towards 
small  angles  due  to  the  relatively  high 
flight  Mach  number. 


In  Figures  10  a,b  experimentally  obtained 
time  )iiatories  of  the  sound  pressure  level 
are  compared  with  the  calculated  total  jet 
noise.  Here  only  the  acoustical  signals 
for  the  microphone  positioned  directly  be¬ 
low  the  flight  path  (position  y  •  0  m)  are 
plotted.  Figure  10  a  shows  time  histories 
for  M,  •  0.64,  Figure  10  b  results  for  M, 
•  0.80.  On  the  x-axis  of  the  figures,  thS 
time  t  >  0  s  marks  the  moment  where  the 
aircraft  is  in  the  overhead  position. 


In  the  figures,  the  steep  sound  pressure 
level  ascent  prior  to  the  maximum  peak  is 
particularly  remarkable.  As  expected,  the 
ascent  rate  increases  with  increasing 
flight  Mach  number  (at  M*  •  0.64  the  meas¬ 
ured  gradient  is  19  dB/s,  at  M.  <•  0.80  the 
gradient  is  33  dB/s,  approximately).  In 
the  present  examples  the  measured  ascent 
rates  are  slightly  steeper  than  the  calcu¬ 
lated  ones.  However,  a  good  agreement  be¬ 
tween  experimental  and  calculated  time 
histories  can  be  stated.  This  can  also  be 
concluded  from  the  peaks  which  are  pre¬ 
dicted  with  an  accuracy  of  tl.S  dB. 


For  comparison  of  measured  and  calculated 
one-third-octave  spectra  Figures  11  a-d 
and  12  a-d  will  be  utillzea.  In  fig¬ 
ures  11  a-d  frequency  spectra  for  flight 
Mach  number  M.  •  0.64  and  in  Figures 
12  a-d  spectra  ‘for  M,  «  0.80  are  plotted. 
In  each  case  results^  are  shown  for  emis¬ 
sion  angles  30,  60,  90  and  135  degrees  in 
the  wind-tunnel  coordinate  system. 


In  correspondence  with  the  preceding  re¬ 
sults  one  can  again  conclude  that  the 
sound  pressure  level  at  the  low  flight 
Mach  number  M-  =•  0.64  is  dominated  by  jet 
mixing  noise. ‘Only  at  M-  *  0.80  broadband 
shock  associated  noise  “becomes  more  sig¬ 
nificant.  For  a  given  jet  Mach  number  the 
influence  of  shock  noise  is  greatest  at 
small  emission  angles  and  continuously  de¬ 
creases  with  increasing  angle  (see  Fig¬ 
ures  12  a-d  and  compare  also  with  Fig¬ 
ures  8  a-d  of  Section  3). 
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Figure  10a.-  Measured  sound  pressure  level 
and  calculated  total  jet 
noise  time  histories  for  the 
microphone  positioned  at  y  • 
0  m.  Flight  Mach  number  is  M, 
•  0.64.  Time  t  0  s  denotes 
the  flyover  moment 
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Figure  10b.-  As  Figure  10a,  only  for 
flight  Mach  number  M^  ■  0.80 


Utilizing  the  prediction  scheme  for 
broadband  shock  associated  noise,  the 
sound  pressure  level  peaks  particularly 
noticeable  in  the  forward  arc  can  now  be 
calculated.  In  Figure  13  measured  and  cal¬ 
culated  frequencies  of  the  first  "broad¬ 
band"  peak,  *^6  compared  for  three 
of  the  four  afreraft  (aircraft  No.  4  shows 
no  shock  noise  because  the  jet  Mach  number 
is  smaller  than  one).  One  can  observe  from 
Figure  13  that  in  general  good  agreement 
between  measured  and  calculated  frequen¬ 
cies  is  achieved.  The  corresponding  sound 
pressure  level  for  the  first  "broadband" 
peak  generally  is  predicted  slightly  too 
low  (in  the  presented  examples  about  1  dB, 
see  Figures  12  a  and  b). 


6.  CONCLUDING  REMARKS 


The  noise  immission  from  miltary  jet  air¬ 
craft  flying  with  high  subsonic  flight 
speeds  at  low  altitudes  was  analyzed  and 
discussed  in  this  paper.  Data  from  four 
different  aircraft  types  flying  with 
flight  Mach  numbers  in  the  range  of  ap¬ 
proximately  M^  •  0.5  to  0.9  were  used  to 


On«-lhird-oclava  SPL  ■  OrM-third-octav*  SPL 
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improve  existing  schemes  for  the  predic¬ 
tion  of  jet  mixing  end  of  broadband  shock 
associated  noise. 


Figure  13.-  Comparison  of  measured  and 
calculated  frequencies  of  the 
first  sound  pressure  level 
peak,  ^maxl'  three  differ¬ 
ent  aircfSrt  types 


Significant  tonal  contributions  to  the 
measured  noise  were  not  found  in  the 
study.  Therefore,  it  is  concluded  that 
fan,  compressor,  and  turbine  noise  do  not 
play  a  major  role.  Broadband  shock  associ¬ 
ated  noise  was  identified  especially  in 
the  forward  arc  in  all  cases  in  which  the 
jet  Mach  number  was  sufficiently  different 
from  the  design  Mach  number  of  the  nozzle. 
It  is  shown  that  broadband  shock  associ¬ 
ated  noise  can  be  calculated  quite  accu¬ 
rately  with  the  newly  presented  scheme 
which  required  significant,  albeit  physi¬ 
cally  realistic,  changes  to  the  scheme  of 
Tam  /8/. 

After  the  subtraction  of  broadband  shock 
noise,  the  remaining  noise  can  be  very 
well  described  by  the  new  jet  mixing  noise 
scheme  /9/  that  is  based  on  the  SAE  method 
/6/  after  incorporating  important  results 
of  Michalke  and  Michel  /7/.  The  most  im¬ 
portant  change  is  a  consideration  of  the 
increase  of  the  frequency  of  jet  mixing 
noise  proportional  to  the  lengthening  of 
the  jet  plume.  This  change  results  in  a 
very  good  agreement  between  measured  and 
calculated  frequency  spectra.  Since  the 
agreement  between  predictions  and  measured 
spectra  is  so  good  it  is  concluded  that 
other  noise  sources  play  only  a  minor  role 
in  the  total  noise  immission  of  the  high 
speed  cases  discussed  here.  It  seems  quite 
unlikely  that  airframe  or  combustion  noise 
would  generate  the  same  frequency  spectra 
as  jet  mixing  noise  in  all  the  measured 
cases. 


If  other  noise  sources  do  only  play  a  mi¬ 
nor  role,  it  must  be  concluded  that  the 
observed  forward  arc  amplification  with 
increasing  flight  speed  is  caused  by  jet 
mixing  noise.  The  physical  possibility  of 
such  an  amplification  was  discussed  con¬ 
troversially  over  a  long  period  and  was 
rejected  in  earlier  jet  noise  papers.  How¬ 
ever,  the  amplification  was  shown  to  be 
theoretically  realistic  by  /7/.  The  re¬ 
sults  of  this  paper  are  a  further  support 
of  their  result. 

The  prediction  schemes  presented  in  this 
paper  can  now  be  used  to  demonstrate  and 
quantify  the  noise  reduction  potential 
achievable  by  varying  operational  param¬ 
eters  such  as  flight  Mach  number, 
rate-of-climb  or  -descent  or  the  flight 
altitude.  The  new  schemes  can  also  be  used 
to  study  the  influence  of  engine  cycle  de¬ 
sign  bn  the  flyover  noise. 

The  prediction  schemes  are  applicable  to 
single  stream  or  "almost  single"  stream 
jets  exhausting  from  a  circular  nozzle.  No 
consideration  was  given  to  the  effects  of 
non-circular  nozzles.  The  noise  reduction 
potential  of  such  nozzles  is  sometimes  as¬ 
sumed  to  be  considerable,  opening  a  much 
needed  noise  attenuation  concept  for  fu¬ 
ture  supersonic  transport  aircraft. 
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Discussion 


QUESTION  BT:  Barry,  B.F.,  National  Physical  Lab,  U.K. 

Those  of  us  Involved  in  considering  environaental  impact  of 
lov-altitude  noise  are  primarily  Interested  in  A*welghted 
levels  and  not  in  overall,  linear  levels.  For  Che  purposes  of 
inter •comparison  with  similar  measurements  such  as  ours  at 
NFL  and  American  data,  do  you  plan  to  publish  any  A-weighted 
data? 

AUTHOR'S  RESPONSE: 

Since  it  waa  our  goal  to  investigate  the  basic  physical 
phenomena,  it  was  more  reasonable  not  to  include  any 
weighting  during  Che  data  analysis.  Therefore,  we  did  not 
plan  to  publish  any  A*weighted  data.  On  Che  ocher  hand, 
utilizing  our  computer  program  it  is  not  a  great  problem  to 
introduce  any  wei^cing. 

QUESTION  BT:  U.D.  Bryce,  U.O.,  RAE  Pyestock,  UK 

Our  research  in  this  area,  which  I  will  describe  in  a  paper 
tomorrow,  leads  us  to  a  very  different  conclusion  Co  yours. 
We  find  that  airframe  noise  makes  an  important  contribution 
to  Che  overall  aircraft  noise  and  that  Jet  mixing  noise  does 
not  play  the  dominant  role  that  you  describe.  We  two  have  had 
several  discussions  on  this  issue  recently,  and  1  hope  that 
they  will  continue,  but  perhaps  you  would  respond  here  to  the 
criticism  Chat  you  have  not  actually  shown  chat  airframe 
noise  is  not  important  but  that  you  have  simply  obtained  a 
plausible  fit  to  Che  measured  aircraft  noise  by  adjusting  the 
constants  in  your  Jet  mixed  noise  equations? 

AUTHOR'S  RESPONSE: 

With  our  measurements  (flight  tests  at  a  constant  altitude, 
no  glide  data  with  low  power  setting)  we  were  not  able  to 
investigate  the  influence  of  airframe  noise.  Similarity  to 
some  extent  in  the  frequency  spectra  of  Jet  mixing  and 
airframe  noise  increases  the  difficulty  to  distinguish 
between  both  noise  sources.  However,  from  the  general 
experience  on  aircraft  noise  it  is  known  that  Jet  mixing 
noise  is  very  important  for  low  bypass  ratio  engines  with 
high  jet  speeds  and  temperatures.  Airframe  noise,  on  Che 
other  hand,  plays  only  a  major  role  during  landing  (low  power 
setting,  low  jet  speed).  If  we  proceed  from  this  general 


knowledge  Ic  can  be  concluded  chac  In  Che  present  case  (high 
power  setting,  high  jet  speed)  Jet  mixing  noise  (and  in 
addition  shock  noise)  is  responsible  for  the  sound  emission 
and  chac  airframe  noise  is  of  no  importance. 

Now  familiar  with  your  results,  we  can  not  totally  exclude 
Chat  one  portion  of  our  "JeC  mixing  noise”  is  airframe  noise. 
However,  section  9.2  of  your  paper  No.  22  shows  chat  you  also 
have  some  doubts  whether  the  noise  measured  from  the  aircraft 
glides  is  all  generated  by  Che  airframe.  In  addition  it 
should  be  mentioned  chat  the  aircraft  configuration  during 
your  flight  condition  was  different  from  our  configuration. 
Therefore,  results  can  probably  not  be  compared  directly.  We 
hope  Chat  further  discussions  and  data  analysis  will  lead  to 
a  clear  result  concerning  Che  noise  source  identification. 

QUESTION  BY:  F.R.  Grosche,  DLR  GdCClngen,  Germany 

Referring  to  Fig.  3  and  Fig.  S  of  the  written  version;  Why  do 
Che  curves  showing  OASPL  as  function  of  emission  angle,  end 
before  reaching  their  maximum  (at  d  <  30**) ,  although  Che 
scatter  at  the  last  given  point  is  still  quite  small? 

AUTHOR'S  RESPONSE: 

We  also  evaluated  results  for  Che  emission  angle  d  ••  IS 
degrees.  In  that  case  the  distance  between  the  aircraft  and 
Che  microphone  position  is  290  m  and  larger.  The  correction 
of  Che  atmospheric  absorption  then  leads  to  an  over- 
amplification  in  Che  higher  frequency  range.  Also  background 
noise  becomes  very  important.  Therefore,  it  seemed  not 
reasonable  to  include  results  for  Q  <  30”  in  the  data 
analysis . 

QUESTION  BT:  J.M.  Seiner,  NASA  Langley,  USA 

Many  F-IS  aircraft  missions  involve  engagement  at  -  0.4 
and  disengagement  with  afterburner.  On  this  case.  Jet  noise 
would  be  dominant,  not  shock  noise.  You  did  not  mention  what 
power  settings  were  used  in  your  study.  Could  you  comment  on 
this,  and  how  different  power  settings  may  change  your 
conclusions  regarding  the  Importance  of  Jet,  shock,  airframe, 
and  internal  noise  source? 

AUTHOR'S  RESPONSE: 

The  power  setting  in  each  case  was  acjusted  just  to  reach  the 
wanted  flight  Mach  number  during  the  level  flight.  Specifying 
the  power  settings  together  with  the  flight  Mach  numbers  in 
our  opinion  would  mean  to  publish  restricted  data. 

In  the  present  study  all  tested  aircraft  flew  in  a  typical 
training  configuration  with  no  additional  weapons.  That  means 
Chat  Che  measurements  were  carried  out  with  a  "standard* 
configuration  with  a  "standard”  power  setting  at  a  certain 
Mach  number. 

Different  power  settings  due  to  different  drag  coefficients 
at  Che  same  flight  Mach  number  may  Indeed  change  the 
importance  of  Che  different  noise  sources  to  some  extent. 
However,  with  our  present  knowledge  ic  is  not  reasonable  to 
speculate  on  these  changes. 
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SUMMARY 

Until  tho  and  of  1990  a  graat  amount  of 
low  altltuda  flying  of  allltary  air- 
planas  waa  dona  in  tha  Padaral  Rapublie 
of  Garaany.  Up  to  than  approxlaataly  80 
000  low  altltuda  fllghta  aara  parforaad 
annually.  Many  of  thaaa  flights  took 
placa  at  a  halght  froa  900  ft  to  1500 
ft.  Naarly  3/3  of  tho  whola  araa  of  tho 
Padaral  Rapublie  of  Garaany  was  uaad 
for  low  altltuda  fllghta  batwaan  900  ft 
and  1900  ft.  In  aavan  distinct  low  fly¬ 
ing  araas  flights  avan  down  to  a  halght 
of  350  ft  abova  ground  wara  allowod.  In 
a  ralatlvo  danaaly  populatad  country 
thaaa  low  altltuda  flights  causad  a 
graat  amount  of  dlaturbanca  and 
annoy anca . 

In  ordar  to  hava  aoaa  information  on 
nolao  amiaslon  of  military  alrplanas 
flying  at  aubaonlc  spaoda  at  low  altitu- 
do  a  maasuraaont  campaign  was  dona  In 
tha  ylelnlty  of  tha  shooting  ranga  In 
Mappan.  A  apaelal  aim  of  tha  campaign 
was  to  obtain  insight  into  tha  Influan- 
ca  of  oparational  paramatara  on  tha 
nolaa  amlaalon  during  low  altltuda 
flights.  Tha  rasults  of  thaaa  maaaura- 
manta,  for  Instanea  nolaa  amission  as  a 
function  of  apaad  and  halght  abova 
ground,  will  ba  prasantad. 

In  ganaral,  paopla  affactad  by  low  altl- 
tuda  flights  would  not  oftan  recelva 
axtramaly  high  nolaa  levals  bacausa 
only  a  part  of  tha  population  waa  ax- 
poaad  to  dlract  ovarf lights.  It  was 
tharafora  of  intarast  to  datarnlno  tha 
numbar  of  occurrence  and  the  statisti¬ 
cal  distribution  of  noise  levals  ax- 
pariencad  by  people  living  in  low 
flying  areas  of  Germany.  For  this  pur¬ 
pose  a  research  activity  was  performed 
in  Germany  in  tha  years  1986  and  1990. 
During  six  weeks  at  16  locations  within 
four  low  flying  araas  contlnous  noisa 
maasuramants  ware  made.  The  results, 
for  instance  relative  frequency  of 
noisa  levels  and  noise  duration,  are  to 
ba  presented.  ^ 

/ 
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height  ranging  from  500  ft  to  1500  ft. 
Naarly  3/3  of  tha  whola  araa  of  the 
Federal  Republic  of  Germany  can  ba  used 
for  low  altltuda  flights  batwaan  500  ft 
and  1500  ft. 


In  savan  distinct  "low-laval  areas’* 
flights  avan  down  to  a  hsight  of  350  ft 
abova  ground  wara  allowed.  These  "low- 
laval  nreaa"  ara  shown  In  figurs  1.  In 
our  relativaly  densely  populated  coun¬ 
try  -  tha  Federal  Republic  of  Germany 
as  othar  European  countries  is  approxi¬ 
mately  10  times  as  densely  populated  as 
for  instance  the  United  States  of  Ameri' 
ca  -  these  low  altitude  flights  wara 
causing  a  graat  amount  of  disturbances 
and  annoyance . 

In  ordar  to  find  out  mathods  for  the 
possible  reduction  of  noise  amission 
during  low  altitude  aircraft  missions 
tha  Padaral  Minister  of  Environment,  Na¬ 
ture  Conservation  and  Nuclear  Safety 
and  tho  Federal  Minister  of  Defence  per¬ 
formed  noise  maasuramants.  A  special 
ala  of  tha  campaign  was  to  obtain  In¬ 
sight  into  tha  influence  of  operational 
parameters  on  the  noise  emission  during 
low  altitude  flights.  The  measurements 
were  conducted  in  autumn  1984  in  Happen 
by  the  Bundeswehr  Test  station  91. 
During  the  measurements  it  was  reques¬ 
ted  thst  all  military  aircraft  types 
which  will  conduct  low  altitude  flights 
over  the  territory  of  Germany  should 
participate.  To  reach  this  goal  the 
full  cooperation  of  the  Allied  Air  For¬ 
ces  was  grateful  acknowledged. 


’ In  this  paper  the  term  "low  altitude 
flight”  is  used  Instead  of  tha  com¬ 
mon  term  "low-level  flight”  mostly 
used  by  airman.  This  is  done  in  or¬ 
der  to  avoid  confusion  between  "low 
noise  level”  and  "low  flight  level”. 


In  tho  Federal  Republic  of  Germany  ap- / 
proxlmately  80  000  low  altitude* 
flights  with  military  jet  aircraft  wore 
performed  annually.  A  graat  deal  of 
these  flights  are  taking  place  at  a 


../Throughout  this  paper  these  areas 
called  "low-level  areas”  in 
accol-dance  with  aeronautical  charts 
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Figur*  3  ihoMS  tha  lay-out  of  tha 
flight  track  and  tha  flva  alcrophonas 
and  two  thaodolitaa  for  thaaa  maaaura- 
nahta.  Tha  thaodolitaa  warn  uaad  to  maa- 
aura  tha  axact  altitude  above  tha  nlcro- 
phonaa  and  the  deviation  of  tha  flight 
track.  Tha  track  Itself  was  nada  vi¬ 
sible  for  tha  pilots  by  huga  markers 
Plata.  In  soma  cases  the  help  of  a 
forward  air  controller  was  necessary  to 
aligns  tha  aircraft  to  the  centerline. 
Flights  were  performed  at  altitudes  of 
250  ft  and  500  ft.  respectively. 

During  tha  measurements  two  aircraft  of 
each  type  used  a  "race  track"  traffic 
pattern  (approximately  6  NM  in  length 
and  4  NM  wide) .  In  order  to  keep  tha 
nolsa  level  contribution  from  tha  other 
aircraft  on  the  microphones  at  a  mini¬ 
mum  the  two  aircraft  were  flown  with  a 
half  cycle  difference,  l.a..  on  opposi¬ 
te  parts  of  tha  "race  track". 

For  each  aircraft  type  noise  meaaurents 
wars  performed  at  speeds  typical  for 
low  altitude  flights.  Tha  F-4  Phantom, 
for  Instance,  was  flown  at  420  kta,  450 
kts,  480  kta,  575  kta  and  0.8  H.  This 
Includes  all  speeds  from  low  altitude 
cruise  to  IP-to-target  spaed  which  is 
normally  used  only  during  a  vary  short 
period  of  tha  flight. 

As  an  example  figure  1  shows  the  noise 
emissions  of  all  fighter  aircraft  used 
by  the  German  Air  Force  as  a  function 
of  spaed.  (By  tha  way  tha  famous  F-104 
Starflghtar  is  no  longer  in  use  in  the 
German  Air  Force) .  Figure  4  shows  the 
influence  of  height  on  noise  level  re¬ 
ceived  on  the  ground  for  an  F-4  air¬ 
craft.  Doubling  tha  height  above  ground 
decreases  the  noise  level  by  approxima¬ 
tely  5.2  dB  at  a  speed  of  420  kts,  and 
by  6.6  dB  at  a  speed  of  0.8  H.  The  next 
figure  5  shows  the  influence  of  air¬ 
craft  spaed  on  noise  emission  for  a  F-4 
Phantom  flying  at  250  ft.  In  Figure  6. 
a  summary  of  all  measured  noise  emis¬ 
sion  levels  is  shown  for  all  aircraft 
types  measured  in  the  campaign.  For  com¬ 
parison  in  the  diagram,  the  aircraft 
speeds  in  each  case  are  the  lowest  ope¬ 
rating  speeds  for  low  altitude  flights. 


3  MBASUREMENT  OF  NOISE  IMMISSION 
LEVELS 

The  above  mentioned  measurements  indica¬ 
te  the  maximum  noise  levels  which  oc- 
cure  during  a  direct  low  altitude  over¬ 
flight  with  military  aircraft.  But  in 
general,  people  affected  by  low  altitii- 
ds  flights  would  not  receive  such  high 
noise  levels  very  often  because  only  a 
part  of  the  population  is  exposed  to 
direct  overflights.  It  is,  therefore, 
of  interest  to  determine  the  number  of 
occurrence  and  the  statistical  distribu¬ 
tion  of  noise  levels  experienced  by  peo¬ 
ple  living  in  low  altitude  flying 
areas.  For  this  purpose,  a  research 
activity  was  started  with  the  German 
company  Messer schmitt-Bolkow-Blohm 


(HBB)  as  a  contractor.  During  this  ra- 
saarch  program  HBB  developed  and  con¬ 
structed  a  low-cost  automatic  noise  mea¬ 
surement  unit  especially  used  for  the 
detection  of  low-flying  military  air¬ 
craft.  This  unit  uses  a  small  pocket 
calculator  with  enough  internal  storage 
capacity  to  store  tha  time-history  of 
the  nolsa  events  above  a  certain  thres¬ 
hold  during  a  whole  day  Each  day  the 
content  of  tha  memory  was  transfered 
and  stored  on  a  transportable  floppy 
disk  unit. 

During  the  years  1986  and  1990  four  mea¬ 
surement  campaigns  were  conducted.  One 
around  a  miltary  airfield  with  low  alti¬ 
tude  training  activities  mostly  with 
Alpha  Jets,  two  campaigns  within  "low- 
level  areas"  and  one  outside  the  "low- 
level  areas"  but  with  military  flights 
between  500  ft  and  1500  ft. 

Figure  7  to  10  show  measured  noise  le¬ 
vels  versus  time  duration  (10  dB-down- 
tima)  for  all  four  measurement  cam¬ 
paigns  and  all  microphons  during  the 
whole  campaign. 

Figure  11  to  14  give  the  relative 
distribution  of  noise  levels  for  one 
measurement  position  for  each  measure¬ 
ment  campaign. 

Figure  15  gives  an  impression  of  the 
distribution  of  aircraft  noise  as  a 
function  of  time  of  day  measured  within 
"Area  5". 

Figure  16  and  17  show  the  noise  events 
per  month  at  the  microphon  positions  in 
"Area  7"  and  outside  tha  "low-level 
areas" .  in  this  picture  it  is  distin¬ 
guished  between  aircraft  noise  and 
noise  from  other  sources. 


Finally  figure  18  and  19  give  the  time 
between  two  aircraft  noise  events  as  a 
function  of  noise  level  for  "Area  7" 
and  outside  the  "low-level  areas"  based 
on  statistical  considerations. 
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Fltrura  1:  "tow-laval  araa*"  in  th«  Fadaral 


figure  4:  Noise  level  versus  flight  level  height  tor  s  F-4 

Phanton  overflight  (speed  420  kts  and  O.S  H,  center 
microphone) 


FlQura  6:  Noia*  lavals  for  all  m«>aaured  aircraft  typus  (haiabt 
75  a.  apaad  as  Indicated,  center  aierophonel 


i0dB  -  Downzstt  /  Cs] 


Figure  8:  Noise  level  versus  tine  duration  (10  dS-down-tine) 
neasured  in  “Area  5" 
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Figure  9:  Noise  level  versus  time  duration  (10  dB-down-tine) 
measured  in  "Area  7" 
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■easurad  near 


monatl.  Liirmareigniss*  pro  5  dB(A)  tnUrvoll 


Zolt  /  h 


Piffur*  IS:  Distribution  of  aircraft  noisa  as  a  function  of  tiaa 
of  day  aaasured  in  "Araa  S" 
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Figura  16:  Noisa  avants  par  aonth  aaaaurad  in  "Araa  7“ 
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Flour*  17 :  Noia*  evanta  par  month  meaaured  near  Cundelahein 


Flour*  18:  Time  between  two  aircraft  noise  events  as  a  function 
of  noia*  lev*l  calculated  for  "Area  7" 
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RESUME 

AprAt  un  pxpoaA  dai  earaetiristiquM  Pt  das 
nivpHux  dt  bruit  das  prineipaux  svions  da  eombat 
at  d'un  avion  d'antralnaaant  franqais  au 
dAeoIIa^  at  A  I'attarrissaqa,  on  prAsantara 
qualquas  noyans  da  rAduetion  du  bruit  ; 

•  diffArantas  procAdurat  opArationnallas 
anti-bruit, 

-  eoneaption  das  futurs  aotaurs  (post-oonbustion 
silaneitusa  ?  cyela  variabla,  ate...). 

On  axaainera  Aqalaawnt  qualquas  rAsultats  da 
laasura  eoncarnant  la  bruit  qAnArA  an  vol  A  qranda 
vitassa  at  A  bassa  altitude. 

Enfin,  la  protection  centre  le  bruit  da 
I'anvironneeiant  das  bases  aAriennes  franqaises 
Sara  dAerita  at  lea  possibilitAs  da 
rAqlaaantation  axaainAes. 


1  -  INTRODUCTION 

La  bruit  des  avions  nilitaires  n'est  devanu 
una  qAna  pour  la  population  qua  depuis  qualquas 
annAas  avee  la  prisa  da  eonseianee  Acoloqiqua  das 
annAas  70. 


Pandant  lonqteeips  le  bruit  a  AtA  considerA 
coaxea  un  factaur  psycholoqique  important  qui  a 
mama  conduit  dans  le  passA  A  installer  des 
dispositifs  spAciaux  A  bord  das  avions  da  eoeibat 
pour  raugnenter  pendant  la  phase  d'attaqua. 
;0'autra  part  las  missions  dAveluas  aux  avions 
modarnas  ayant  conduit  A  augmanter  rAguliArement 
las  poussAas  das  rAseteurs  (las  premiers  ATAR 
avaiant  una  poussAa  d'anviron  3000  daN  at  la 
:M53-P2  9500  daN),  catta  augmentation  a  conduit 
an  contra  partia  A  un  acroissamant  prograssif  at 
sensible  das  nivaaux  da  bruit. 

Dans  la  conjonctura  actualla  las  avions  da 
ccaibat  sent,  an  Europe,  utilisAs  prineipalamant 
pour  das  vols  d'antralnemant  ou  da  survaillanea 
at  la  gAne  rassantia  au  sol  ast  d'autant  plus 
mal  supportAa. 

D'autra  part  la  concept  actual  da  TurtivitA 
appliquA  an  AlactronagnAtisma  at  an  infra-  rouge 
davrait  pouvoir  s'appliquar  aussi  au  bruit  Amis. 

On  peut  ainsi  distinguar  deux  phases 
bruyantas  parguas  au  sol  lors  da  eas  vols  ;  las 
phases  da  dAcollage  at  d'atterrissaga  d'una  part 
at  da  survol  A  bassa  altitude  d'autra  part. 
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11  -  IE  BRUIT  AU  PEC0LLA6E  ET  A  L'ATTEPRISSAGE 

Lts  avions  eonsidsras  pauvant  it  rapartir  an 

2  catigorits  :  las  avions  lagars  d'antrafnaiMnt 
ou  d'appui  rapprocha,  at  las  avions  da  combat. 
Laurs  caracteristiquas  sont  assat  diffarentas 
ainsi  qua  las  niveaua  da  bruit  qu'il:  angandrant. 

Prtnons  I'Alphajat  pour  axempla  d'avion 
d'antrainaaant/appui  sol.  Sur  la  basa  da  masuras 
an  vol,  das  courbts  du  nivaau  da  bruit  an  EPNdB. 
(Effactiva  Paretivad  Noisa  Laval  in  Oaeibal, 
uniti  utilisia  pour  la  eartifieation  aeoustiqua 
das  avions  civils)  an  fonetion  da  la  poussit  du 
aotaur  at  paramatrias  an  function  da  la  distanca 
aierophona-avion  ont  pu  atra  itablits.  (cf 
figura  1) 

La  tablaau  da  la  figura  1  donna  las  nivtaux 
da  bruit  calculis  dans  las  conditions  du 
Riglaaant  da  Cartification  Aeoustiqua 
Intarnational  (Anntxa  16  da  roACI).  La  Chapitra 

3  da  ea  Mglamant  qui  ast  aujourd'hui  la  plus 
s6v6ra,  ast  raspaett  par  I'Alpbajat  ,  il  ast  vrai 
an  utilisant  la  coaipansation  Ugala  pour  la  bruit 
an  latiral.  nais  ea  bruit  sa  produisant  i 
I'altituda  da  300  a,  ast  pargu  prineipalamant  i 
I'intAriaur  da  la  basa  ailitaira,  at  na  davrait 
pat  eonstituar  una  gint  iaportanta  pour  las 
rivtrains. 

Las  nivatux  da  bruit  das  avions 
d'antrainanant  ou  das  avions  Ugars  d'appui  sol 
pauvant  done  satisfaira  las  axigancas  du  Chapitra 
3  da  rOACI  ;  an  outra  ils  pauvant  ancora  itrj 
sansiblcaant  rAduitt  an  adaptant  laurs  procAdurat 
opArationnallas  au  tissu  urbain  anvironnant. 

Quant  aux  avions  da  combat,  ils  sont  Equipts 
da  rtactaurs  siapla  flux  ou  da  rtactaurs  doubla 
flux  1  faibla  taux  da  dilution  corraspondant  aux 
axigancas  da  laur  mission,  En  partieuliar  pour 
consarvar  suffisammant  da  poussEa  A  granda 
vittssa.  la  jat  doit  atra  fortamant  accElErE,  ca 
qui  axpiiqua  la  choix  du  motaur  (simpla  flux  ou 
doubla  flux  E  faibla  taux  da  dilution)  E  vitatta 
da  jat  ElavEa  at  done  produisant  un  bruit 
important. 


L’axamplt  ralatif  E  la  dauxiama  catEgoria 
d'apparailt  la  Hiraga  2000,  avion  da  combat 
modarna  monorEactaur ,  ast  EquipE  du  raactaur 
SNECHA  nS3.  Las  nivaaux  da  bruit  gEnErEs  ont  EtE 
nasurEt  an  vol  (cf  figura  2). 

NalgrE  las  nivtaux  ElavEs,  das  procEdurat 
oparationnallas  spEcialemant  adaptEas  pauvant 
limitar  sensiblamant  la  gEna  das  rivarains  das 
basts  aEritnnat.  La  dEcollagt  s'affactuant  avae 
la  rEchaufft,  la  montEa  doit  atra  affactuEa  sous 
la  panta  la  plus  granda  postibla  pour  montar  la 
plus  haut  postibla  avant  da  sortir  das  limitas 
da  la  bast.  Et  avant  at  pandant  la  survol  das 
tonas  ttnsiblts,  la  poussEt  doit  atra  rEduita  at 
la  poussEa  max  ansuita  rEaffichEa  dEs  qua 
TEloignemant  das  agglomErations  ast  suffisant. 

La  figura  3  montra  1 'Evolution  du  nivaau  da 
bruit  au  dEcollagt  pour  2  configurations  du 
Hiraga  2000,  an  un  point  situE  E  6  SOOm  'du 
lachar  das  fraint.  (point  da  rEfErtnea  pour  la 
matura  an  survol  da  I’Anntxa  16  da  rOACl).  Las 
nivaaux  obttnus  sont  nattamant  tupEriaurt  aux 
limitas  da  I'Annaxa  16. 

Capandant  I'applieation  da  procEdurat 
opErationnallas  simplts  parmattant  una  rEduetion 
das  nuitancas  pargutt  au  sol  dans  las  zonas 
tansiblas.  Par  rapport  E  un  dEcollaga  avae 
rEchaufft,  il  ast  postibla  d'obtanir  sans 
I'utilisation  da  la  rEchaufft  una  diminution  du 
nivaau  da  bruit  da  4  E  S  dB. 

La  STNA  a  conduit  una  campagna  da  masuras  an 
1974  pour  vErifiar,  sur  un  trafie  opErationnal 
da  dEcollagt,  la  faitabilitE  at  I'influanca  da 
procEdurat  E  moindra  bruit.  Las  avions  impliquEt 
Etaiant  las  Miraga  111  B,  Miraga  111  C  at 
niraga  FI . 

La  zona  tansibla  aux  nuitancas  sonoras,  oO 
Etaiant  disposEs  las  microphonas,  Etait  tituEa 
antra  3050  m  at  3500  m  du  lEchar  da  fraint. 

Lts  procEdurat  EtudiEts  pour  divart 
chargamants  (lissa  ou  bidont)  pour  las 
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Mirages  III  B  at  III  C  at  an  lissa  pour  la 
Miraqa  FI  furant  : 


-  das  dacollagas  avae  PC-Msiaala,  nontaa  i  panta 
fflaxiaala 

-  das  dacollagas  avae  PC  naxiaala,  nontaa  a  panta 
nomala 

-  das  dacollagas  avae  PC  nininala,  nontaa  i  panta 

naxinala 

-  das  dacollagas  avae  PC  nininala,  nontaa  a  panta 
nomala 

-  das  dieollagas  plain  gaa  sac,  nontia  i  panta 
naainala 

-  das  dacollagas  plain  gax  sac,  nontaa  a  panta 
nonaala 

-  das  dacollagas  avae  PC  naxinala,  nontaa  i 
I'assiatta  da  22*. 


Chagua  axareica  fut  ripiti  au  noins  2  fois. 


A  titra  d'axanpla,  la  figure  4  nontra  la 
nivaau  da  bruit  obtanu  an  PNdB  at  la  hautaur  da 
passaga  da  1 'avion  an  un  point  situa  h  30S0  n  du 
liehar  das  frains  pour  un  avion  da  typa 
Miraga  FI. 

On  voit  done  qua  las  proeaduras  da  dacollaga 
avae  una  nontia  i  panta  naxinala  sont  banafiquas 
pour  I'environnanant  sonora.  II  ast  prafirabla 
d'utilisar  la  post-conbustion  plutot  qua  la  plain 
gaz  sac  au  dacollaga,  la  diffaranea  da  hautaur  da 
survol  at  done  1 'attinuation  geonitriqua  at 
atnosphiriqua  sur  la  bruit  itant  pripondiranta 
par  rapport  1  I'augnantation  da  bruit  1  la 
source. 


Las  risultats  obtanus  avae  las  Mirages  III  B 
at  111  C  ennduisant  aux  nanas  conclusions. 


On  paut  done  optinisar  las  proeaduras  anti- 
bruit  an  fonetion  da  1' urbanisation  autour  da 
cheque  base  nilitaira. 


HI  -  DETERMINATION  DU  BRUIT  PRODUIT  PAR  LES 
AV10N5  MILITAIRES  POUR  LE  CALCUL  OU  PLAN 
D' EXPOSITION  AU  BRUIT  DES  AERODROMES 

La  Service  Technique  da  la  Navigation 
Aerianna  (STNA)  qui  ast  un  service  da  la 
Direction  Generala  da  1 'Aviation  Civile  ast 
anana  1  nasurar  la  bruit  produit  par  las  avions 
nilitaires  dans  la  cadre  da  la  caraetarisation 
da  cas  avions  afin  d'an  integrar  las  paranatras 
acoustiquas  dans  la  ealcul  du  plan  d'axposition 
au  bruit  (zonaga)  autour  das  aaroports  ou  bases 
nilitaires. 

La  coda  da  ealcul  qui  pamat  da  diteminar 
las  diffirantas  zones  da  bruit  autour  das 
aarodronas  frangais  necassita  la  connaissance 
das  nivaaux  da  bruit  produits  par  las  avions  i 
300  n  sous  trace  pour  las  phases  da  decollage, 
da  survol  at  d'approcha.  L'uniti  da  nasura  ast 
la  PNdB. 

Das  eanpaqnas  d'assais  ont  M  rialisias  sur 
las  avions  Miraga  III  B,  Miraga  III  C, 
Miraga  III  E,  Miraga  F1,  Jaguar,  Miraga  2000, 
Alpha  }at,  Standard,  Atlantic,  Alizi,  Crusader. 

Toutas  cas  eanpagnas  ont  iti  eonduitas  avae 
la  technique  utilisAa  lors  das  assais  da 
certification  acoustiqua  das  avions  civils. 
(Annexe  16  da  I'OACI) 

-  technique  da  vol  : 

Quatra  procAdures  da  vol  ont  Ati  testAas  : 

.  la  dAeollaga  avae  Post  Combustion 

.  la  dAeollaga  plain  gaz  sac 

.  I'approeha 

.  la  survol  paliar  (conditions  break). 

Las  procAduras  da  dAeollaga  at  d'approcha, 
ont  AtA  realisAas  sous  forma  da  dAcollagas 
sinulAs  at  d'approehas  intarrompues  at  rApAtAas 
idantiquanant  quatra  fois. 

Pour  toutas  cas  procAduras,  1' avion  passe  A 
300  a  da  hautaur  au-dassus  du  microphone  placA 
sous  trace. 
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-  prtstfiftion  d«»  rtsultits  : 

Its  nivcaux  dt  bruit  axpriats  an  PNdB  pour 
una  hautaur  da  300  ■  at  transposai  dana  las 


conditions  nataoroloqiquas  :  Tenparatura  2S*C, 
Hufsiditi  Relativa  70  \  sent  consiqnas  dans  la 
tablaau  1 . 


:ay€MM  oe  nhiits  en  pimb  a  30o  h 


AVION 


PROCEDURE 

Oieollaqa  avac 
rAehauffa 

Dieollaqa 

Plain  Cat  Sac 

Approcha  (-3*) 

Paliar  (braak) 

120.0 

114.5 

120.0 

112.0 

97.0 

99.0 

115.5 

106.5 

123.0 

114.5 

103.0 

102.5 

122.5 

117.0 

93.0 

98.0 

122.0 

117.0 

97.0 

97.0 

12A.0 

116.5 

104.0 

101.0 

105.5 

86.0 

89.0 

114.5 

96.0 

96.5 

48.5 

85.5 

90.5 

97.5 

90.0 

90.5 

122.5 

111.5 

96.5 

97.0 
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IV  -  tE  BRUIT  *  GHANDE  VITESSE  ET  BASSE  ALTITUDE 

Lt  STNA  •  i9altiMnt  travailli  dant  la  pasta 
fur  una  ituda  da  bruit  at  vibrations  produits  sur 
una  (stiton  pour  das  volt  i  tris  basta  altituda 
(da  17  ■  1  217  a),  an  collaboration  avac  la 
Cantra  Seiantifiqua  at  Tachniqua  du  Batiaant  at 
la  Cantra  d'Estais  an  Vol. 

Das  aaturaa  da  bruit  at  da  vibrations 
produits  sur  una  aaiton  par  das  avions  ailitairat 
la  survolant  1  tris  batsa  altituda  ont  iti 
rialisiat  sur  la  bata  d'lstras  an  1976.  A  eatta 
occasion,  la  STNA  a  disposA  antra  autras  un 
aierophona  sous  traea  1  SO  aitrat  da  la  aaison 
(au  daftors  da  I'influanea  aeoustiqua  da  ealla-ci) 
afin  da  quantifiar  las  nivaaux  da  bruit  produits. 

Las  pbotoqrapbias  1  at  2  aontrant  catta 
aaison  avac  las  survols  d'un  Jaquar  at  d'un 
Trantall. 

Tout  las  volt  ont  M  raalisAs  an  paliar  pour 
das  rAqiaas  difftrants  ;  raqiaat  da  decollaqas 
avac  post  coabustion,  rAqiaat  A  puissanea 


adaptia.  Cat  riqiaas  ont  M  appliquit  justa 
avant  la  passaqa  sur  la  aaison  da  f»fon  i  avoir 
una  vitatsa  siqniTicativa  da  la  configuration 
siaulia  au  pasaaga  da  catta  aaison. 

Las  bandas  aagnitiquas  bruit  ont  ati 
rianalysaat  an  1991  an  axpriaant  un  spactra 
ehaqua  0,1  saconda  car  coapta  tanu  da  la  vitassa 
angulaira  tris  rapida  da  dAplacaaant  da  1 'avion 
la  nivaau  da  bruit  Avolua  trAs  rapidanant  at  una 
analyta  ehaqua  0,S  saconda  (coaxaa  prAconisAa 
dans  I'Annaxa  16)  na  panaat  pat  da  dAtanainar  la 
nivaau  da  bruit  aaxiMl. 

Dans  un  but  da  coaiparaiton  das  avions  antra 
aux,  las  nivaaux  da  bruit  ont  AtA  transposAs 
pour  das  hautaurs  da  100  ■  at  300  m  pour  las 
conditions  da  rAfAranca  da  texipAratura  :  25*C  at 
d'huniditA  :  70  \.  La  tablaau  2  rAcapitula  cat 
nivaaux  da  bruit. 


RECAPITULATIF  OES  NIVEAUX  OE  BRUIT 
EXPRIHES  EN  PNdB  (AVIONS  EN  PALIER) 


PNdB  RAX. 

A  100  H 

A  300  H  I 

AVIONS 

AVEC 

RECHAUFFE 

PLEIN  CAZ 
SEC 

PUISSANCE 

AOAPTEE 

AVEC 

RECHAUFFE 

PLEIN  CAZ 
SEC 

PUISSANCE 

AOAPTEE 

HIRACE  Ill  A 

12S.0 

120.0 

111.5 

113.0 

108.0 

99.0 

niRACE  III  E 

126.5 

120.0 

115.5 

115.0 

108.0 

102.5 

HIRACE  IV  A 

132.0 

127.5 

113.0 

120.0 

115.0 

100.5 

3ACUAR  A1 

12S.5 

113.5 

113.5 

101.5 

ETENOARO  IV 

119.0 

108.5 

106.5 

95.5 

CRUSADER 

126. S 

120.0 

108.5 

115.0 

108.0 

96.0 

TABLEAU  2 


V  -  EXAH6W  DE5  RESUITATS  : 


fOMiMt  au  bruit  tf«*  avioni  (lortqu'tlla  tat 
potsibla). 


L'txaatn  da  I'tnsaablt  dts  rtsultats  obtanua 
dana  caa  divtraaa  eaapaqnaa  d'aaaaia  parnat  da 
voir  qu'una  disptrsion  parfoia  asatz  forta 
apparatt  pour  un  aaiaa  typa  d'avion,  pour  dta 

maata  rtqiaaa. 

Oaux  paraaatraa  doivant  atra  conaidaria  : 

-  dana  I'aaaai  1  trba  baaaa  altituda  aur  la 
aaiaon  la  tranapoaition  apaetrala  a'affactua  aur 
daa  rapporta  da  diatancaa  aaaaz  granda,  d'ou  una 
iaprieiaion  cartaina  (tranapoaition  aouvant  d'unt 
vingtaina  da  dieibala). 

-  dana  I'aaaai  i  tria  baaaa  altituda  laa 
rigitna  da  dieollaga  ont  ata  appliguaa  an  vol  an 
paliar,  la  diractiviti  da  la  aourea  diffbra  done 
par  rapport  au  aiero  at  laa  diatancaa  (hauttur  da 
1 'avion  ou  diatanca  da  propagation)  aont  parfoia 
fort  diffirantaa. 

Pour  eta  dtux  raiaona  il  aat  prafarabla 
d'aaaoeitr.  laa  nivaaua  da  bruit  auit  conditiona 
d'aaaaia.  Capandant  una  praaiira  racomaandation 
paut  itra  da  ditarainar  la  niveau  da  bruit  dta 
aviona  ailitairaa  par  rapport  i  la  diatanet  i 
I'avion  au  aoaant  da  I'iaiaaion  du  bruit  aiaxiMl 
at  non  par  rapport  1  la  hauttur  da  paaaagt  da 
I'avion  au-dtaaua  du  point  da  ntaurt. 

VI  -  PROTECTION  COWTRE  LE  8BUIT  OE 

L'ENVIRONNEflENT  DES  BASES  AERIENNES 

FRANCHISES 

Outra  laa  proeMurea  i  noindra  bruit 
utiliaaaa  au  dieollaga  at  daa  amnagenanta  daa 
vola  a  daa  horairaa  aecaptablaa  notamaant  pour 
Ita  vola  da  nuit.  la  protaction  an  Franca  contra 
la  bruit  dana  I'anvironnamant  dta  baaaa  aariannaa 
frangaiaaa  aat  raaliaat  da  la  maaa  fagon  qua  pour 
laa  aaroporta  civila,  il  a'agit  d'agir  aur 
I'urbaniama  autour  daa  aerodromaa. 

L'action  aur  rurbaniana  at  aitua  a  daux 
nivaaux  ; 

-  action  aur  I'urbaniaation  projatea  (parniia 
da  conatruira  at  plana  d'occupation  daa  aola), 

-  action  aur  laa  conatructiona  axiatantaa  at 


La  plan  d'axpoaition  au  brute  daa  avionf 
d'un  airodroa*  donni  dafinit  troia  zonaa 
d'axpoaition  au  bruit.  Dana  caa  troia  zonaa, 
I'urbaniaation  aat  intardita  ou  adniaa  dana 
cartainaa  conditions. 

Elaboration  d'un  plan  d'oxpoaition  au  bruit: 

L' indict  paophiqua  Ip  aat  1' indict  utiliai 
an  Franca  pour  guantifiar  I'axposition  au  bruit 
autour  das  a4roperts.  II  ast  fond6  aur 
I'utiliaation  du  nax  coMot  daacripttur 
(nivaau  da  bruit  naxinal  axprini  an  PNdB).  La 
baao  da  tanpa  itant  la  journoa,  la  daacripttur 
Lp^  MX  raprasanta  I'axpoaition  au  bruit 
riaultant  d'un  trafie  journalitr. 

La  trafie  da  nuit  aat  eonaidirb  coama  10 
foia  plua  ganant  qua  la  trafie  da  jour.  La 
noaibra  da  aouvtaants  da  nuit  ast  done  pondiri 
par  un  faettur  10. 

La  femulation  da  1' indict  paophiqua  Ip  aat 
obtanu  i  partir  da  la  rigle  da  eoaipoaition  dta 
nivaaux  da  bruit  inatantanis.  L'anargit  totala 
aat  rananAt  1  aa  noyanna  par  ninuta  an  la 
diviaant  par  1440  (Z4  h  >  1440  minutaa). 


done  Ip  •  lOlogl 


n  P 

^10  10  ♦  10  2  10  10 

i»1  j»1 

1440 


ou  Li  aat  lo  nivaau  Mximal  da  bruit  on  PNdB  du 
ibM  avion 

n  aat  la  noaibrt  da  mouvananta  da  jour 

(6h-Z2h) 

at  p  oat  la  noabra  da  nouvonanta  da  nuit 

(22h-«h). 
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U  dittraination  par  la  calcul  da  I'indiea 
psophiqua  an  un  point  au  sol  nacaatita  done  la 
connaissanea  das  donnaas  suivantas  : 

-  la  trafie  an  noabra  da  aouvaaants  at  par 
typa  d'apparail 

-  las  nivaaux  da  bruit  das  avions  1  la  sourea 

-  las  trajaetoiras 

-  las  lois  da  propagation  du  son  dans  I'air. 

.  Las  plans  d'axposition  au  bruit  sont  itablis  1 
partir  d'un  trafie  pravu  I  un  horizon  donni,  afin 
qu'ils  soiant  valablas  pendant  una  assaz  grande 
pirioda,  I'horizon  ganiralaaant  ehoisi  ast  da  IS 
ans.  11  faut  done  prevoir  assaz  longtaaps  i 
I'avanca  las  earaetaristiquas  prineipalas  das 
basal  aeriennas  an  aatiira  da  trafie  at  da  typa 
d'avions  utilises. 

.  Las  nivaaux  da  bruit  1  la  source  introduits 
dans  la  prn^aaasa  da  calcul  sont  ditarainas  sous 
la  trajaetoira  da  1 'avion  1  una  distance 
orthogonala  da  300  oitras.  Si  caei  ast  valabla 
pour  las  avions  eivils  sans  probliaa,  il  y  a  lieu 
pour  las  avions  ailitairas  da  prandra  an  coapta 
laur  spieifieiti  aeoustiqua. 

En  affat.  pour  un  trafie  civil,  la  niveau  da 
bruit  aaxiaal  ast  obtanu  sous  trace  apris  la  bout 
da  piste  au  dacollaga. 

Pour  un  trafie  nilitaira  on  paut  obtanir  la 
risultat  inverse.  A  titra  d'axeapla  un  risultat 
d'una  eaapagna  da  aasuras  da  bruit  rialisaa 
autour  d'una  bass  nilitaira  frangaisa  ast 
prAsanti  : 

i  Village  A 


La  bruit  produit  dans  la  village  A  par  das 
Hiraga  2000  au  dacollaga  ast  plus  iaportant 
lorsqua  1 'avion  dacolla  au  QFU1  par  rapport  i  un 
dicollaga  au  QFU2. 

Las  nivaaux  aasuras  dans  la  village  A, 
ganiri  au  cours  du  dacollaga  d'  un  Mirage  2000 
sont  : 

QFU1  :  87  dB(A)  ou  98  PNdB 

QFU2  :  86  dB(A)  ou  97  PNd8. 

(Cas  nivaaux  sont  noyannAs  pour  9  dAeollagas  au 
QFU1  at  3  dAeollagas  an  aFU2). 

11  ast  done  iaportant  dans  touts 
dAtaminatipn  du  bruit  autour  das  bases 
ailitairss  da  tsnir  coapta  das  caraetAristiques 
particuliAras  das  avions  ailitairss  A  reaction 
an  diractivitA  da  la  sourea  sonora  at  an 
trajaetoiras, 

Etablissaaant  at  eontanu  du  plan 
d'axposition  au  bruit 

L'axprassion  graphiqua  du  P.E.B.  fait 
apparaitra  trois  zones  liaitAss  par  das  ceurbas 
isopsophiquas. 


n  KK  *•  b*!*  mU 
n  km;  C>N»iN«K*»li 


I 


!(>« 


-  L«  zon*  A,  ou  I'indic*  piophiqu*  ast 
supiritur  i  96  tt  dans  laquallt  on  considira  qua 
U  qina  att  trAs  forta. 

-  La  zona  B,  ou  t'indiea  ast  coapris  antra  96 
at  89,  dans  laqualla  la  qana  paut  atra  eonsidaraa 
coasa  forta. 

-  La  zona  C,  ou  I'indiea  ast  coapris  antra  89 
at  una  valaur  choisia  antra  84  at  78,  dans 
laqualla  la  gAna  paut  atra  considAraa  eoaaa  assaz 
forta. 


La  prafat,  dans  cartainas  conditions,  paut 
fixar  la  liaita  da  la  zona  C  antra  86  at  75. 

Dans  chaeuna  das  zonas,  las  possibilitss  da 
constructions  nouvallas  sont  rsstraintes,  an 
particuliar  la  construction  d'habitation  an  zone 
A  ou  8  ast  intardita  at  las  norms  minimalas 
d'isolation  acoustiques  A  raspacter  sont  las 
suivantas  : 


/ 

y 


NOAMES  niNIHALES  O'ISOLATION  ACOUSTIQUE  SUIVANT  LES 

ZONES  DE  BRUiT 

A 

B 

C 

Extariaur 
iaaAdiat 
da  la  zona  C 

4$  <m  (A) 

40  dS  (A) 

35  m  (A) 

30  da  (A) 

TABLEAU  3 


Vll  -  CONCLUSION 

L'aaploi  das  procaduras  opA rat ionna lias,  bian 
qua  diainuant  da  fagon  sansibla  las  nivaaux  da 
bruir,  ast  capandant  limitA.  La  diainution  du 
bruit  A  la  source  ast  done  hautamnt  souhaitabla. 

La  Basque  du  fan  par  una  antrsa  d'air  an  S 
parmt  da  piAgar  la  bruit  du  fan  dans  la  conduit. 
Las  diainutions  asparAas  sont  capandant  faiblas 
car  la  bruit  doainant  proviant  du  jet,  las 
sources  da  bruit  Atant  situAes  an  aval  da  la 
sortie. 

Las  moteurs  A  cycle  variable  pourraient 
constituer  una  solution  pour  diainuer  la  bruit  du 
jet  I'adaptation  da  laurs  caractAristiquas^  an 
fonction  da  la  phase  da  vol  autorisa/  una 
optiaisation  da  laurs  parformancas  (conaa  pour 


las  aviont  da  transport  supersoniquas  futurs). 
L'augaantation  du  taux  da  dilution  aux  basses 
vitassas  rAsultant  du  cycle  variable  a  pour 
affat  da  diainuer  la  bruit  tout  an  parmttant  da 
fournir  la  poussAa  requisa  aux  autras  rAgiaas  da 
vol.  Das  prototypes  da  ca  type  da  motaur  ont  AtA 
dAvaloppAs  at  assayas  an  vol  sur  las  avions 
concurrents  du  prograama  ATE  (Advanced  Tactical 
Fighter)  aais  finaleaant  cette  solution  n'a  pas 
AtA  retenua. 

La  rAgleaantation  Frangaisa  actualle  Atsblit 
das  rAglas  d'urbanisae  autour  das  aArodroms 
ailitaires  an  attendant  da  pouvoir  prendre  an 
conpte  une  avancee  technologique  importante 
peneattant  una  diainution  sensible  du  bruit  A  la 
source,  ca  qui  angandrera  nAcessairemnt,  una 
diminution  das  nuisances  provoquAa  par  las  vols 
A  bassa  altitude. 


.  /: 
/  I 

/  / 
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Discussion 


QUESTION  BY:  R.  Sc.ineider,  Luftfahrt  Bundesamt,  Germany 

The  equation  on  page  10-6  is  different  from  your 
viewgraph.  What  is  the  right  one? 

AUTHOR'S  RESPONSE: 

L'equation  publide  dans  la  conference,  publication 
d'octobre  1991  "AGARD  CONFERENCE  PREPRINT  512"  est 
correcte . 

QUESTION  BY:  H.  Korner,  DLR  Braunschweig,  Germany 

In  Germany  the  complaints  on  combat  aircraft  noise 
have  risen  considerably  in  the  last  years.  What  is 
the  situation  in  France? 

AUTHOR'S  RESPONSE: 

Les  plaintes  centre  le  bruit  des  avions  autour  de 
adroports  sont  lides  e  deux  principaux  phdnomenes: 

-  la  "densitd"  de  plaintes  est  en  function  du 
nombre  de  personnes  habitant  autour  de 
1 'aerodrome  travaillent  ou  ont  un  lien  avec 
I'aeroport,  il  y  a  done  un  phenomene 
soclologique  de  rapport  avec  I'aeroport. 

-  le  taux  de  plaintes  augmente  sensiblement  e 
I'approche  d'eiections  politiques  importantes, 
phenomena  bien  connu  dans  de  nombreux  pays,  le 
taux  decroissant  aprbs  les  elections. 
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France 


On  rappalle  les  prlnclpaux  aspacts  da  la  propaqatlon  du  bang,  la  prlnclpa  da  son  cslcul 
at  las  ansalgneraants  tlrds  da  I'expdrlanca.  Las  dlvsrsas  fomas  qua  peut  ravdtlr  la  bang 
sont  ddcrltas  (bangs  nomaux  at  bangs  focallsds).  Las  affats  du  bang  sur  las  structuras  at 
sur  lah  Atras  vlvants  sont  rdsuads. 

On  Indlqua  anfln  las  factaurs  A  prandra  an  conslddratlon  lors  da  la  prdparatlon  d'un 
survol  suparsonlqua  das  tarrss. 

filUBACl  : 

Tha  auln  featuras  of  tha  boos  propagation,  tha  prlnclpla  of  Its  calculation  and  the 
sutln  axparlnantal  results  are  racallad.  Tha  various  shapes  that  boons  may  present  ara 
described  (normal  boon  and  focusad  boons).  Tha  affats  of  boons  on  structuras  and  living 
beings  ara  sunmarlxad.  Ouldancas  ara  given  concerning  tha  preparation  of  supersonic  flights 
overland. 


1.  latrpductlfla 

La  vol  d'un  projactlla  suparsonlqua  s'acconpagna  d'un  claquanant  nonmd  ddtonatlon 
ballstlqua.  Oa  mdna  un  avion  an  vol  suparsonlqua  erda  un  bang  qul  sa  propaga  jusqu'au  sol. 
La  bang  prdsanta  un  caraetdra  Inpulslonnal  qul  provoqua  une  rdactlon  da  sursaut  chas  les 
•tree  vlvants  at  fait  vlbrar  las  structures.  En  raison  da  I'altltuda  da  vol  dlavda  das 
avlons,  la  bang  ast  rassentl  la  long  d'una  banda  da  terrain,  sltuda  da  part  at  d'autra  da 
la  trajactolra  da  I'avlon,  large  da  pluslaurs  dlsalnas  da  kllomdtras.  L'lntansltd  du  bang 
ddpand  assantlallemant  da  la  tallla  (volume,  polds)  da  I'avlon  qul  I'angandra,  do  son 
altitude  da  vol  at  da  la  manoeuvre  qu'll  affactua  :  la  bang  erdd  par  un  chasseur  volant  A 
haute  altitude  A  vltassa  rectlligna  unlformo  ast  d'intensltd  modArda,  11  provoqua  capandant 
una  gdna  mals  na  paut  pas  Atra  causa  da  dommages  slgnlflcatlfs  ;  plus  I'avlon  sora  lourd 
plus  la  bang  sera  important  at  plus  I'avlon  davra  par  suite  volar  A  altitude  dlavda  ; 
iMlboureusement  les  manoauvras  qu'exdcutant  las  avlons  mllltalras  provoquant  localemant  das 
ronforcements  trds  Iraportants  das  bangs,  ca  sont  las  focallsatlons  at  suporfocallsatlons. 
Cas  phdnomdnas  apparalssant  notamnent  lors  da  I'accdldratlon  transsonlqua  at  lors  das 
vlragas.  La  gAna  rdsultant  da  cos  bangs  focallsds  ast  alors  cartalna  at  das  dommagas 
Intdrassant  das  structuras  vlallllas  ou  mal  conguss  pauvsnt  Intsrvsnlr  ;  la  saul  moyan  da 
limiter  las  nuisances  qul  an  rdsultant  aaralt  da  situar  cas  sones  da  bangs  focallsds  sur 
das  rdglons  Inhabltdas,  mals  una  bonna  prdvlslon  das  conss  affactdsa  damanda  una 
connalssanca  prdclsa  a  priori  da  la  trajactolra  rdalla  da  I'avlon  at  das  conditions 
ndtdocologlquas  ;  on  pratlquo  done,  las  sonas  suscaptlblas  d'Atra  affaetdas  par  cos 
phdnomAnas  sont  assas  vastaa. 

II  na  faut  pas  toutafols  surestlmar  las  affats  du  bang  t 

-  la  bang  ns  paut  pas  avoir  d'affats  Idslonnals,  las  premlAras  attalntas  tomporalras 
au  systAma  audltlf  sont  obsarvdas  pour  das  nlvaaux  d'lntsnsltd  d'onda  trAu  supdrlaurs  aux 
nlvaaux  das  bangs  (3000  A  SOOO  Pa  au  llau  da  SO  ou  70  Pa  pour  un  bang), 

-  las  affats  structuraux  das  bangs  nomaux  sont  d'un  ordra  da  grandeur  comparabla  A 
caux  rdsultant  da  solllcltatlons  naturallas  (vent)  ou  lldes  A  la  via  moderne  (traflc 
routler) ,  les  bangs  focallsds  no  peuvunt  avoir  d'actlon  sur  das  structures  salnas  at  blen 
conguas  quo  par  affat  cumulatlf  (fatigue). 

2^ DAtonatlon  ballstlmia 

La  passage  d'un  projectile  suparsonlqua  (balla  da  fusil  par  exampla)  a'accompagna  d'un 
claqua«ant  dO  aux  ondas  da  choc  qul^sa-  foment  au  net  at  au  culot  du  projactlla,  la 
dls^nca  L  sdparant  las  deux  ondas  dtaht  un  pau  supdrlaura  A  la  longueur  du  projectile 
(Pfg.  1).  Las  ondas  do  choc  dtant  do  falblo  intansitd  pauvent  Atra  aasimildes  A  das  ondas 
da  Mach  at^le  1/2  angle  au  somaot  du  cOna  qu*  alias  foment  ast  donnd  par 

sln^r-'^.X/L  "  */,  “  ’/■  (a  vltassa  du  son) 

L'lntarprAtstlonbaoj^El^a  du  phdnomAno  ast  simple  (Fig.  3)  i  un  projactlla  dmat  aux 
dlffdrants  Instants  da  sod^vol  das  ondas  sonoras  qul  sont  toutas  Intarnas  las  unas  aux 
autras  at  un  obsarya^ur  an  cd^cas  n'ontand  qu'un  bruit  confus  alors  qu'un  projectile 
suparsonlqua  dmat  doT'endas  sonoras  succosslves  qul  admattant  una  anvaloppa  conlqua  C  la 
long  da  laquelle  lea  perturbations  arrlvsnt  an  phasa,  un  obsarvataur  placA  an  P  pargolt  una 
ddtonatlon  qul  a  dtd  dmlse  antdriauranont  alors  qua  la  projactlla  dtalt  an  M,. 
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L'lnt«ntlt4  fonor*  du  phdnondn*  ddpend  da  l'41ol9n«m«nt  r  du  point  d'obaarvatlon  it  I4 
tra)«etolr«  ;  I'axpantlon  4tapt  conlqua,  la  pulataaca  lonora  dana  I'onda  ddcrott  coiom  r 
at  done  la  aurpraaaion  comma  r  al  toutafola  on  nd9li9a  laa  affata  non  llndalcaa  rdaultant 
da  I'intanaltd  flnla  da  I'onda.  Bn  rdal.ltd,  caa  darnlara  antralnant  una  attenuation 
auppldmantalra  qul  rdaulta  du  fait  qua  laa  pacturbatlona  de  ddtanta  altu4aa  antra  laa  fronta 
da  choc  avant  at  arrltra  rattrapant  la  front  da  choc  avant  ou  aont  rattrapdaa  par  la  front 
da  choc  arrlhra  qul  s'affalbllaaant  alnal.  Ca  phenomena  a‘accompa9na  d'un  allon9amant  da 
la  lonquaur  d'onda  proportlonnal  e  I'lntanalte  ralatlva  ^  P/P  du  choc  at  Invaraamant 
proport lonnal  k  la  lon9uaur  d'onda  dana  la  maaura  oQ  I'lntanalte  du  choc  paut  etra 
conalderea  comma  falbla  ( ^  P/P  «  1). 

3.  La  bang  daa  avlona  luPBraonlmiaa  -  vol  stabillae 

La  daacrlptlon  du  ban9  daa  avlona  auparaonlquaa  aat  pour  I'aaaantlal  la  mema  qua  calla 
da  la  detonation  ballatlqua  :  laa  dlfferancaa  reaultant  da  la  qeometrla  dlfferanta  du  mobila 
at  da  1 ' inhomoqeneite  da  I'atmoaphera  dana  laqualla  aa  propaqa  la  banq. 

3.1  intluanctt  da., At  L'tYlon  it  de  1*  BorUact 

Bn  ralaon  da  I'lncldanca  da  1 'avion  at  da  la  repartition  da  portanca  qul  an  rdaulta 
at  do  1 ' irreqularlte  da  aa  qeometrla  (cockpit,  volluro,  fuaaaux  notour,  amponnaqa  ...), 
I'lntanalte  da  I'onda  eniao  depand  do  la  diraction  d'emiaalon  (raperea  par  I'anqlo  B  du  plan 
contanant  la  rayon  aonora  conaidere  avoc  la  plan  vortical  contanant  la  trajoctolra  da 
I'avlon  ;  flquro  4).  Da  plua,  an  champ  procho,  la  alqnal  do  praaalon  emla  aat  boaucoup  plua 
conploxa,  daa  choca  da  racompraaaiona  partlallaa  vanant  aa  neiar  e  la  detanta  qul  rallo  laa 
fronta  d'onda  avant  at  arriera  (flqura  3).  Caa  choca  do  rocompraaalon  tondant,  k  maaura  qua 
I'on  a'eiolqna  do  I'avlon  emattaur,  a  vanlr  coalaacar  avoc  laa  fronta  da  choc  avant  ou 
arriera,  reqularlaant  alnal  proqraaalvanant  la  aiqnatura  du  banq.  Cotta  reqularlaatlon  da 
la  alqnatura  aara  an  qendral  realiaea  avant  qua  la  banq  n'attalqno  la  aol  pour  daa  avlona 
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da  talll*  Hod^rda  ou  falbla  (avlona  ailltalraa)  lauf  al  cartalna  accidanta  da  aignatura  aa 
altuant  dana  la  aona  nautra  od  una  parturbatlon  na  tand  k  rajolndza  nl  la  choc  avant,  nl 
la  choc  arcltca. 


Fig.  3  -  Syatiaa  d'ondaa  an  chaap  pcocha  d*ua  Pig.  4  -  Rapdraga  du  plan  d'dalaalon  d'un 
avion  at  chaap  da  pzaaalon.  rayon  aonora. 


3.2  Influanea  <1«  f  «fiiin«nhara  -  Caa  da  I'ataoaohdra  atandard 

b'ataoaphdra  atandard  aat  carac^rlada  par  una  ddcrolaaanca  rdgulldra  da  la  taapdratura 
Juaqu'd  11  000  a  (dT/dz  •  -  6,S  10  d*/a),  la  taapdratura  daaaurant  conatanta  au-dal* 
(11  000  a  <t<  23  000  a),  alia  aat  da  plua  aoualaa  k  la  paaantaur  i  la  aaaaa  voluadqua  at 
la  praaalon  ddcrolaaant  quand  I'altltuda  crolt. 

3.2.1  tnfluanea  du  aradiant  da  oraaalon  (caa  d'una  ataoaphdra  laotharaa) 

Conalddrona  tout  d'abord  una  ataoaphdra  laotharaa  t  la  gdoadtzla  daa  aurfaca*  d'onda 
a'aat  paa  affactda,  la  cdna  da  Mach  non  plua.  Par  contra  I'onda  pdndtra  k  aaaura  qu'alla 
aa  rapproeba  du  aol  dana  daa  couchaa  atrcapbdrlquaa  da  plua  an  plua  danaaa  at  I'lntanaltd 
da  I'onda  aat  BMdlflda.  La  aurpraaaloa  dana  In  front  da  I'onda  varla  comaa  la  raelna  earrda 
da  la  praaalon  atooapbdrlqua  locala  P  :  A  P  (h)  'v/  P  (b)T 

La  variation  da  la  praaalon  atooaphdrlqua  a  an  outra  una  Influanea  aur  I'lntanaltd 
Inltlala  da  I'onda  dalaa  an  chaap  proeba  s 

-  I'onda  da  voluna  (onda  qul  aaralt  dalao  par  I'avlon  k  portanca  nulla)  n'aat  114a  qu'4 
la  g4oa4trla  da  I'avlon,  aon  Intanaltd  ralatlva  ;A  P,  (chaap  procbo)/P  (bvol)  daaaurara 
Incbangda  loragua  I'altltuda  da  vol  varla.  Par  aulta  an  valaur  abaolua  A  P,  (chaap  procha) 
dicrolt  coaaa  la  praaalon. 

-  La  contribution  da  portanca  &  P,  aat  114a  au  polda  da  I'avlon,  alia  daaaura  an 
praal4ra  approxlaatlon  lnchang4a  loraqua  I'altltuda  da  vol  varla,  par  aulta,  alia  tand  k 
davanlr  pr4pond4ranta  pour  lea  vola  k  altltuda  41av4a. 

Caa  affata  oppoa4a  du  gradlant  da  la  praaalon  ataoapbdrlqua  Jolnta  k  caux  da 
I'axpanalon  quaal  cyllndrlqua  at  da  l'att4nuatlon  aon  lla4alra  no  panaattant  paa  da  ddflnlr 
una  ddpandanca  analytlqua  antra  lntonalt4  du  bang  at  altltuda  do  vol  on  obaorvo  copaadant 
an  pratlqua  qua  calla-cl  4volua  la  plua  aouvant  k  pau  pr4a  coaaM  h'’^. 

3.2.2  Influanea  du  gradlant  da  taaodratura 

La  gradlant  da  tanp4ratura  vortical  qul  caract4rlao  una  ataoaphhra  atandard  provoquo 
una  varlatloi^  da  la  vltoaao  du  aon  avac  I'altltuda  i  al  T  ■  T,  (1-ka)  pour  a  <  11  000  it, 
a  ~  a,  (l-)ca)  .  II  aa  r4aulta  una  r4fractlon  do  la  aappa  da  bang  dana  I'ataoaphOra  tolla 
qu'on  a  dana  la  plan  vortical  contanant  la  trajoctolro  do  I'avlon  (flguro  Sa). 

aln«4  -  a  (a)/v  -  a  (a)/a,  -  aln  *^0  •(*)/» 

Bxanlnona  la  propagation  dea  rayona  aonoraa  caract4rlatlquaa,  llgnaa  aulvant  laaquolloa 
aa  propags  l'<narglo  acouatiquo  contanua  dana  la  bang,  noraaloo  k  la  aurfaca  d'onda  on 
ataMsphOra  anna  vant  at  tallaa  qua  dM  /dt  ••  a  n  (flgura  Sb) . 

Conald4rona  un  plan  d'dnlaalon  du  rayon  aonora  falaant  un  anglo  $  avac  la  plan  vortical 
contanant  la  trajactolra  ;  I'angla  d'4iilaalon  (P,  du  rayon  aonora  contanu  dana  ca  plan  aat 
(flgura  5c)  :  ^ 

coa  "  *,/vo  eoa(4  at  coa 


/ 

/ 

/ 
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Bxaalnons  tout  d'abord  la  gdondtrlo  det  rayona  tonorai  at  pour  simplifier  1 'analyse, 
prolongaons  1' atmosphere  flctlvemant,  si  n4cessaire,  avec  la  aiaa  lol  da  temperature  (T  ••  T, 
(l-ks)  mema  pour  z  <  0)  (figure  6)  : 

-  las  rayons  sonores  emis  e  un  instant  quelconque  so  ddduisent  (pour  un  vol 
statlonnaira)  par  simple  translation  da  ceux  emis  e  un  instant  da  reference, 

-  las  rayons  sonores  emis  dans  les  dlfferantas  directions  descandantes  passant  toua 
par  una  altitude  mlnlmalo  e  partlr  da  laquella  ils  sont  refractes  vers  le  haut, 

-  les  rayons  sonores  admettent  una  anvaloppa  cyllndriqua,  nommea  caustlqua,  limltant 
un  domaina  e  I'axterlaur  duqual  la  bang  nt  pdnetra  pas  at  e  la  surfaca  da  laqualla  11  sa 
rdfiechlt  totalemant  suivant  una  areta  da  rabrousaemant. 

Una  tails  surfaca  ast  le  siege  d'une  focallaation  de  I'energle  at  I'on  dolt  a'attandra 
e  y  observer  das  Intansites  da  bang  partlculieramant  importantaa.  Si  on  applique  la  theorla 
acoustlqua  da  la  propagation  da  I'enargla  e  1‘lnterlaur  daa  tubas  sonores  caracterlstlquas 
(figure  7a),  on  montre  qua  la  surpraaslon  dans  I'onda  davrait  au  volainaga  da  la 
focallaation,  evoluar  comma 

avac  ■  0  e  la  focallaation,  A  'f  n>«  *tant  la  surpraaslon  at  I'lncldanca  du  rayon 
Sonora  e  una  distance  sufflsaasMnt  eiolgnea  da  la  focallaation.  Cala  conduiralt  e  una 
Intansite  Infinia  da  I'onda,  la  theorla  acoustlqua  cassa  an  ce  cas  d'etre  valabla  ;  an 
calculant  da  procha  an  procha  la  refraction  d'una  onda  da  choc  statlonnaira,  on  montra  qua 
la  surpraaslon  e  attsndra  au  nivaau  da  la  focalisatlon  ast,  pour  las  intansites  habituallas 
daa  bangs,  do  I'ordra  de  trois  e  quatra  fols  ce  qu'ella  ast  loin  da  la  focalisatlon,  cacl 
compta  non  tenu  da  I'onda  refiechia. 


Pig.  7  a)  -  Allure  do  la  propagation 
d'un  tuba  sonora  an  atmosphere 
stratlfiee. 


Pig.  7  b)-  Alljra  do  la  signature  du 
bang  avant  at  aprea  reflexion  sur  una 
caustlqua. 
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HOra  : 

1/  On  n  obs«rv6  qu'i  I'extArleur  du  domalne  ddlimltd  par  la  caustlqua,  la  bang  na 
pdndtxalt  pas  ;  capandant  (cf.  Si)  la  bang  lui-todma  n'est  qua  la  localisation  das 
ondalattas  da  perturbation  amlsas  par  I'avlon  an  sas  dlffdrentea  positions  ;  dans  la 
doaalna  volsln  da  la  caustlqua,  mals  extdrleur  i  cella-cl,  ces  ondalattas  sont  ancora 
prasqua  an  phasa  at  on  y  antandra  un  grondement  vlolant. 

2/  !•' analyse  da  la  rdtlexlon  du  bang  sur  la  caustlqua  (at  1 '  obsarvatlon  axpdrlmantala) 

Bontra  qua  la  signature  du  bang  change  da  forma  apris  catta  rdflaxlon  (figure  7b)  : 
la  signal  da  prasslon  qul  a  la  forma  d'un  N  avant  d' avoir  attaint  la  caustlqua  prend 
ansulte  approxlmatlvamant  la  forme  d'un  U. 

SI  on  revlant  sialntenant  au  cas  d'una  atmosphere  limltea  par  la  sol,  las  cona4quancas 
pratlquas  sont  lea  sulvantas  : 

-  si  I'avlon  vole  A  Mach  trop  falble  M  -  v/a,  <  a^,/a.  (M  <  1,156  an  atmosphAra 
standard,  si  z  >  11  000  m)  la  bang  n'ast  pas  pergu  au  sol, 

-  si  N  >  a^,/a.  la  bang  n'ast  pargu  qua  dans  un  ‘couloir’  da  bang  dont  la  largaur  ast 

dAflnla  par  las  rayons  qul  arrlvant  tangents  au  sol  done  contanus  dans  las  plans  £  /9<.  tals 
qua  cos  Ca  couloir  da  bang  sera  d'autant  plus  large  qua  I'avlon  vola  plus  ba'jt 

at  A  Mach  plus  alavA  (figure  8a)  : 

•d  AassoaJSix. 

-  la  trajat  acoustlqua  ast  considArablamant  plus  long  pour  las  rayons  latAraux  quo  pour 
las  rayons  Amis  scus-traca  at  an  partlcullar  dans  la  basss  atmosphAra  ;  las  affats  non 
llnAalraa  saront  done  baaucoup  plus  marquAs  ainsl  qua  las  perturbations  apportAss  par  la 
bassa  atsviaphAra,  En  outre,  I'affet  da  1' expansion  trldimensionnalla  sara  lul  ausal  plua 
■arquA.  On  obsarvara  done  un  bang  nattement  plus  Intense  sous-traca  qua  latAralemant 
(figure  8) . 

Dami-largaur  Y 


Pig.  8  a)  -  Evolution  da  la  daml-largaur  du  tapis  da  bang 
an  function  da  1 'altitude  da  vol  at  du  Mach  (atmosphAra 
standard).  (RAf.  1/(22]). 


Pig.  8b)-  Tra)at  das  rayons  caractArlstlquas 
sous  trace  at  dans  las  plans  *  8  •  fi,,  couloir  da 
bang  at  rApartltlon  das  suppressions. 
(RAf. 1/13]). 
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-  !>•  pb4noBdna  da  focallaatlon  tal  qu' analyst  cl-dassus  n’ast  pas  sesssntl  au  sol  (cas 
du  vol  stablllst)  car  ou  blen  M  <  1,156  at  la  focallsatlon  a  llsu  an  altltuda  ou  blan 
M  >  1,156  at  las  rayons  sonores  sont  rdfltchls  par  la  sol  avast  d'avolr  toucht  la  caustlqua 
thtorlqus.  L* Introduction  du  phtnoratna  da  focallsatlon  falta  cl-dassua  sera  utlla  lors  de 
I'ttudo  das  phtnomtnas  plus  cooplexas  prtsantts  au  f  4.  Una  slaulatlon  de  focallsatlon  en 
altltuda  ast  prtsentta  sur  la  figure  4  aur  laquelle  on  paut  voir  la  refraction  de  I'onde 
ballstlqua  d'une  balls  de  fusil  sa  propageant  dans  uns  atBOsphtra  slBulde  A  vltesse  du  son 
variable.  Las  mesures  da  presalon  faltes  lors  da  cetta  experience  ont  montre  un 
accrolssament  sensible  da  la  surprasslon  de  I'onda  au  niveau  da  la  focallsatlon. 


Pig.  9  a)  -  Refraction  at  focallsatlon 
d'una  onda  ballstlqua  en  atmosphere 
stratifies  horisontalement  (melange  air 
*  CO,).  (Rtf.  1/(20|)  . 


Pig.  9  b)-  li'onda  refractea 
presents  un  rabroussamant  at 
augmanta  rapldamont  d'lntenslte  au 
voislnaga  da  la  focallsatlon,  an 
dassous  da  la  sons  da  focallsatlon 
una  onda  acoustlqua  ast  transmlsa. 
(Rtf.  1/(201), 


3.3  Procacatlon  atwospherloua  s  cas  da  l»ataospfaere  rtalla 

t' atmosphere  realla  differs  da  1' atmosphere  standard  prlnclpalamant  par  : 

-  una  lol  d'evolutlon  da  la  temperature  avec  I'altltude  plus  Irreguliers, 

-  I'axlstanca  da  vents  varlablas  en  grandeur  at  direction  avac  1' altltuda, 

-  I'hygrometrla, 

-  I'axlstanca  da  turbulences,  prlnclpalamant  au  niveau  du  sol. 

On  salt  asses  blan  prandra  an  compta  las  deux  prsmlars  affats.  L' existence  d'un 
gradient  da  tomperatura  plus  irregullar  na  modlfla  en  rlen  I’analyse  du  phenomena  da 
refraction  das  rayons  sonores  presantes  precedamment  ;  11  rand  leur  propagation  plus 
Irreguliers  en  partlcullar  lots  d' Inversion  do  temperature. 

L'axlstsnca  da  vents  varlablas  avac  I'altltude  modlfla  la  lol  da  propagation  das  rayons 
caractenstlquas  qul  cassant  d'etre  normaux  aux  surfaces  d'onda  : 

■  an  «  w  (n  normals  au  front  d’onda,  H  vltsssa  du  vent) 

alnsl  qua  la  valour  da  1' Invariant  caracterlstlqua  du  dibit  d'enargls  acoustlqua  4  travars 
una  section  droits  :  , 

Qs  ^  (  (*  C5.m) 
fa,'- 

Cas  ecarts  par  rapport  4  1' atmosphere  standard  ont  das  consequences  pratlquas 
Importantas.  En  fonctlon  da  1' importance  du  vent  en  altltuda,  la  Mach  da  coupura,  Mach  4 
partlr  duqusl  la  bang  commonca  4  ttra  pergu  au  sol,  paut  verier  antra  1,0  at  plus  da  1,35 
au  llau  da  1,156' an  atmosphere  standard,  la  tapis  da  bang  paut  Itrs  deplace  da  sianiera 
impoctanta  an  fonctlon  das  vents  lateraux,  las  tra)ats  sonores  at  las  tamps  da  propagation 
pauvant  etrs  fortemant  modifies  alnsl  quo  I'lntsnslte  du  bang.  Catta  influence  das 
conditions  meteorologiquas  ast  I'una  das  causes  da  dlfficultes  dans  la  preparation  das  vols 
supsrsoniquss  alnsl  qua  dans  laur  exploitation  ulterlsura. 

I'hygrometrla  da  I'alr  provoqus  un  flltraga  das  frequences  eiaveas  dans  I'onda  at 
devralt  avoir  pour  rdsultat  da  donnar  das  tamps  do  montea  an  prasslon  finis  dans  las  fronts 
d'onda  da  compression  :  toutafols,  11  n'a  )amals  ete  rendu  compta  da  maniera  satlsfalsanta 
da  cat  effst. 


Las  turbulancas  stmosph4rlques  dont  Is  longutur  d'onda  sst  comparable  k  cells  dss  bangs 
devralant  avoir  pour  consdquance  ds  modifier  Is  spectre  de  phase  de  I'onde  et  done  da 
ddfomar  la  signature  de  I'onde.  Aucune  description  numdrlque  da  cat  effet  n'est  aujourd'hul 
dlsponlble.  On  observe  en  pratique,  lorsqu'on  mesure  la  signature  des  bangs  successlfs  sous 
la  tra^sctolre  de  1 'avion,  une  Evolution  relatlvemant  pdrlodlque  des  slgnaux  de  prasslon 
qul  dvoluent,  sur  des  distances  asses courtesde  I'ordrs  de  la  centalne  de  mdtra,  d'une  forma 
prdsantant  une  erdte  de  prasslon  k  une  forms  arrondle  (figure  lOa). 

En  extrdmitd  latdrale  de  tapis  de  bang,  lA  od  las  trajets  sonores  dans  la  bassa 
ataosphdra  sont  partlculldrement  Importants,  on  n' observe  an  pratique  qua  das  ondas  aux 
formes  arrondles  (figure  10b)  :  ce  phdnomdna,  dont  le  moddle  numdrlque  ne  rend  pas  compte, 
dolt  rdsulter  de  1' effet  comblnd  d'un  long  tra^et  des  rayons  sonores  dans  les  basses  couches 
turbulantes  da  I'atmosphdra  et  da  la  proxlmltd  de  la  xona  de  ’silence". 


Pig.  10  a)  -  Example  d'dvolutlon  da  la  signature  du  bang  en  des  points  de 
mesuro  volslns.  On  observe  qua  I'apparltlon  de  polntss  de  presslon  locallsAes 
est  assoclda  k  das  temps  de  montde  en  presslon  dans  I'onde  courts.  L' existence 
ds  telles  crates  de  presslon  ne  dolt  pas  etre  oubllde  lors  de  I'dtuda  des 
reactions  de  sursaut  lldes  au  bang.  (Rdf.  2/1). 


Recording  stations 

dp  (mbar)  located  every  )  20  m 

0.35  V 


10  Hi 


Pig.  10  b)  -  Signatures  de  bang  successives  de  Concorde  vers  I'extrdmitd 
latdrale  du  tapis  de  bang  (M  ■  2,  h  -  15  600  m,  distance  de  I'axe  de  mesure  A 
la  trace  au  sol  de  la  trajectolce  30  km).  (Rdf.  2/7). 


3.4  Rdflexlon  au  sol  -  Rdflexlon  sur  Ics  constructions 

La  bring  se  prdsente  au  sol  avec  des  Incidences  variables  sulvant  la  vitesse  de  1' avion 
et  I'dlolgnement  latdral  :  11  .se  prdsente  sous  forte  incidence  (pour  )t  «  2,  o<  35')  sous 
trace  lors  du  vol  de  crolsldre  et  k  Incidence  quasi  rasante  au  volslnage  de  I'extlnctlon. 

La  rdfl.jxion  d'une  onde  en  N  sur  un  sol  plan  riglde  inddfinl  provoque  la  nalssance 
d’une  onde  symdtrique  de  mgme  intensltd  («  ,  dP,  lOP,  ou  k,  «  2)  (figure  11). 


U-fi 


Au  nlvaau  du  aol,  la  aurpressioa  dana  I'onda  aat  donbUa.  II  a 'an  aat  plua  da  mtaa  A 
una  cartalna  altltuda  pulaqua  I'onda  perpua  eat  aloca  dMoublAa  (Cl^ura  12).  I'lntarvalla 
da  tenpa  aApacant  la  paaaage  daa  deux  fronta  da  choc  aucceaaifa  au  nlvaau  da  I'orallla 
huaalna  n'aat  paa  ndgligaabla  an  ragard  da  aaa  teaipa  da  rdponaa 

(31  :  M  -  2.3,  *1  s:  30",  pour  h  -  1,55  ■,  T  -  ^  8  M). 


Pour  laa  Incldancaa  quaal  raaantaa  (extrdmlti  latdrala  du  tapla),  lea  lola  da  la 
rdllaxlon  aont  plua  complexaa  (la  coefficient  da  rdflaxlon  Avolua  rapldemaot  at  pour  una 
onda  blan  forada  paut  attalndra  3),  mala  ca  phdnondnaa  paralt  (tra  aana  laportanca  pratique, 
I'onda  Incldanta  dtant  alora  fortaaant  ddforade. 

Laa  aaauraa  du  coefficient  da  rdflaxlon  du  bang  aont  pan  noabreuaaa  at  d' exploitation 
dlfflclla,  allaa  condulaant  A  adaattra  qua  la  coefficient  de  riflexlon  rAel  aat  aaaaa  volaln 
da  2  (coaprla  antra  1,8  at  2). 

Coapta  tanu  da  la  falbla  longueur  d'onda  du  bang  at  da  aoa  Incldanca,  la  relief  influa 
pau  aur  la  phAnoaAna  da  rdflexlon.  La  rdflexlon  aur  lea  conatructlona  conduit  A  doa 
aodlflcatlona  da  algnature  aaaaa  laportantaa  aana  pour  autant  changer  profondAaant 
I'aBplltude  daa  aurpreaalona  maxlaalea,  (figure  13),  toutafola,  catta  nodlflcatlon  da 
algnature  n'aat  paa  aana  conadquanca  lora^'on  dtudla  I'effat  du  bang  aur  laa  atructuraa 
ou  la  chaap  aonora  Indult  A  I'lntdrlaur  daa  habltatlona. 


Toitur#  Centre  de  la  facade  latArale 


Pig.  13  -  Envaloppeaant  d'una  conatructlon  par  un  bang  :  algnaux  da 
prasalon  obtenus  au  centra  des  dlvaraaa  fagadea  d'un  laneubla  da  hautaur 
moddrde  aouala  A  1 'action  d'un  bang  aa  prdaentant  frontaleraent  soua 
Incidence  de  30*  (almulatlon  de  laboratolre,  an  polntllld  I'onda 
Incldanta).  (Rdf.  1/(18)). 
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La  bang  apparalt  Ion  de  la  phasa  da  vol  transsonlqua  accdldrd  da  1' avion.  A  partlr 
da  Mach  1,  1' avion  dnet  dea  rayons  sonores  caractdrlstlques  da  plus  on  Inclines  par  rapport 
au  plan  horizontal  de  la  trajectolre  (flguro  14a). 

Cas  rayons  adaettent  une  enveloppa  (caustlqua)  qul  constltua  uno  surface  d ' accuaulatlon 
d'dnorgla  at  la  nappe  da  bang  admat  uno  llgna  de  rebroussamant  sur  cette  surface. 

En  tout  point  du  segment  FC  comprls  antra  lea  points  de  focalisatlon  at  d' extinction 
sous  trace,  deux  rayons  sonores  dlffdrents  parvlennant  au  sol  I'un  n'ayant  pas  encore  touchd 
la  caustlqua  et  allraentant  la  nappe  de  bang  incldenta,  le  second  ayant  ddjA  touchd  la 
caustlqua  at  allmentant  la  nappe  arrlAre  ;  dans  touts  cette  zona,  on  percevra  done  deux 
bangs  succesalfs  (la  second  ayant  une  forme  dlffdrente  du  premier  :  forme  en  u) .  Au-delA 
du  point  C,  les  rayons  qul  allmentent  an  atmosphere  Inddfinls  la  nappe  arrlAra  touchent  le 
sol  at  s'y  rdfldchlssent  et  ne  peuvent  plus  contribuar  A  la  formation  da  la  nappe  arrlira  : 
on  ne  pargolt  plus  qu'un  seul  bang. 

La  llgna  da  focalisatlon  au  sol  est  lisiltea  A  un  arc  c,  c,  (figure  i4a)  bomA  par  les 
points  c,  et  c,  d' extinction  latArala  oA  les  rayons  sonores  sont  A  la  fols  tangents  A  la 
caustlqua  at  au  sol. 

Sur  la  llgna  de  focalisatlon,  les  tubas  sonores  se  referment  sulvant  un  segsrant. 
L'appllcatlon  de  la  thdorla  acoustlque  condulralt  A  prAvoir  une  IntensltA  sonore  Infinle 
pour  la  bang  la  long  da  cette  llgna.  Una  analyse  au  sacond  ordre  du  phAnomAna  da  propagation 
an  atmosphAra  non  pesanta  montre  qua  la  surpresslon  A  la  focallsatlonhP,  est  llAa  A  la 
aurprsaslon  loin  da  la  focalisatlon b  P  (s)  par  une  relation  falsant  Intarvenlr  la  courbura 
relative  1/R  du  rayon  sonora  et  da  la  caustlqua  :  1^. 


oa  sf  at  a  sont  les  abscissas  curvlllgnas  das  points  de  focalisatlon  at  du  point  courant 
sur  la  rayon  sonore.  La  gAomAtrle  da  la  caustlqua  Atant  dApandanta  da  I'accAlAratlon  da 
1 'avion,  on  volt  que  celle-ci  intervlandra  dans  I'lntansltA  da  la  focalisatlon  ;  cependant 
an  pratlqua,  cette  influenca  eat  modArAe.  L'appllcatlon  de  la  formula  cl-dessus  fournlt  des 
estimations  du  coefficient  de  renforcemant  da  I'onda  plus  faiblas  (da  I'ordra  da  3,S)  qua 
callas  obsarvAas  axpArlmantalemant  (voislna  da  5) . 

namarniie  : 

Toutafols,  en  cas  d'accAlAratlon  falble,  la  caustlque  et  les  rayons  sonores  au 
volslnage  de  cette  derniAra  sont  peu  InclinAs  par  rapport  au  sol  :  les  trajets  sonores 
prAs  de  la  focalisatlon  se  sltuent  done  dans  les  basses  couches  de  I'atmosphAre  ;  on 
s' attend  done  en  ce  cas  A  une  trAs  forte  Influence  de  la  structure  de  ces  basses 
couches  et  de  la  turbulence  qul  les  affects  et  done  A  une  dispersion  Importanta.  C'est 
blan  ca  qul  est  obsarvA  axpArlmantalemant. 

Les  dimensions  de  la  zona  affectAe  par  la  focalisatlon  sont  naturallement  dApendantes 
da  I'accAlAratlon  de  1 'avion  ;  pour  fixer  les  IdAes,  on  donne  figure  14b,  quelquas  AlAmants 
dlmanslonnels.  La  zona  du  net  renforcemant  du  bang  n'a  toutafols  A  partlr  da  I'arc  C,FC| 
qu'une  profondeur  un  peu  supArlsure  A  cent  mAtres. 


Rappelons  anfln  qua  les  conditions  mAtAorologlques  (vent,  rApartltlon  da  tempArature) 
affacteront  ce  phAnomAna  de  focalisatlon. 


Focalisatlon  par  palier  accAIArA 
^  (atmosphAra  ttrati(iAe) 

hfhg  Altitude  de  vol 


Fig.  14  a)  -  Focalisatlon  en  vol 
accAlArA.  Trajet  des  rayons  sonores  at 
Intersections  au  sol.  (RAf.  1/|3)). 


Fig.  14  b)  -  Traces  au  sol  de  la 
caustlque  et  de  la  ligne  de  coupura  pour 
deux  nlveaux  d'accAlAratlon. 

(RAf.  1/131). 


IMO 


4.2  VQl  d4c414r4  -  extr4mlt4  lonoltndlnal*  da  taal«  du  bang  1 

Lon  do  la  ddcdldratloa  qul  suit  la  vol  da  crolsidra,  las  nyana  sonoras  dais 
dlvargant,  I'lntanaltd  du  bang  aat  aloes  affatblla  a  condltloa  qua  i'altltuda  da  vol  n'alt 
pas  ebangd  (an  gdndral,  on  obsaevara  la  phdnoodna  tnvarsa  an  raison  da  la  dlalnutlon  da 
I'altltuda  da  vol)  ;  I'axtrdnltd  longltudlnala  du  tapis  da  bang  sera  ddfinla  par  la  point 
da  contact  avac  la  sol  du  rayon  sonora  6mis  au  Mach  da  coupura  (M  •  1,156,  an  atsKjsphdra 
standard  at  pour  z  >  11  000  n,  llgura  I5a).  La  Mach  d'dmlssloa  corraspondant  at  la  position 
au  sol  da  la  coupura  sont  fortanant  ddpandants  das  conditions  adtAorologlquas  (figura  ISb) . 


Fig.  15  a)  -  Allura  gdndrala  du  tapis  do  ban^  at  da 
l'4volutlon  da  I'intonaltd  sous  trace. 


Z(km) 


TrxS  <Mi  r*)rani  ursctSriMiquM  w  rawrasa  du  Mach  d'aitinction 
pow  auatquat  a<ffloipM«a<  4  *ant  fort  (Progfamma  ASAP) 
-CMdavo<;Y  •  0*,cap  •  70*,a  ■  DOOOni 
-  lat  pofflU  macoudi  ■  rap<d«amam  la*  aftituda*  da*  poart*  da 
tondasa  maido 
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1,1172 


Fig.  IS  b)  -  InZluancs  das  conditions 
■dtdorologlqnas  sur  la  position  du  point 
d'axtlnctien  longitudinals. 

(B*f.  1/17J).  I 


4.3  Autras  manoauvras  da  1’ avion  -  Foeallsatlon  an  vlrana  at  sunarfoeallaatlon 


Touts  Mnoauvra  da  1 'avion  (accdldratlon,  aontds,  dssconts,  virago)  fait  quo  las  rayons 
sonoras  4b1s  aux  dlffdronts  Instants  so  prdsantent  las  uns  par  rapport  aux  autras  d'uno 
Mnldra  dlffdronto  da  calls  oxaaindo  dans  la  cas  du  vol  roctlligno  unlforaa  8  vitassa 
constants. 

II  an  rdsultora  das  augBontatlons  ou  des  diminutions  ds  I'lntsnsltd  du  bang  pargu  par 
rapport  8  sa  valour  nomlnala.  Can  variations  rastaront  an  gSndral  d' Isiportanca  sKiddrdo,  8 
■oins  qua  la  swnoauvro  solt  laportanto,  ou  intarvlsnno  alors  qua  1' avion  volo  8  un  noabra 
da  Mach  volaln  du  Mach  critique.  A  tltre  d’axaapla,  on  donna  (figura  16)  las 
caractdrlstlquas  gdoadtrlquas  d'una  focsllsatlon  au  sol  due  8  un  virago  da  I'avion.  La 
caustlqua  paut  prSsantsr  alla-aSaa,  una  llgna  do  rabroussoaant  ;  au  volslnaga  da 
I'lntarsactlon  ds  cotta  llgna  avac  la  sol,  das  bangs  plus  latsnsos  qua  caux  noraaloaont 
pargus  au  volslnaga  d'uno  foeallsatlon  classlquo  sont  obsorvds.  Dos  ranforcaaants 
d'lntansitd  un  pou  infdrleurs  8  10  ont  6t4  obssrvSs  an  ca  cas.  En  da  tels  points,  an  offat 
las  tubas  sonoras  sa  rafaraant  sur  un  point  au  llau  ds  sa  rsfaraer  aulvant  una  arBts  comma 
dans  la  cas  da  la  foeallsatlon  classlquo.  Aucuna  approcha  thdorlquo  ns  paraot  actuallsaont 
d'astlBsr  I'lntsnsltd  da  I'ondc  au  volslnaga  ds  la  suparfocallsatlon,  11  n'sst  done  pas 
possible  d'dvaluar  son  dvolutlon  en  fonctlon  das  caractdrlstlquas  da  la  uanoauvro  qul  la 
provoquo.  Da  plus  las  aasurss  sxpdrlmentalos,  trds  dlfflcllas  8  rdallsar,  sont  ancors  tr8a 
pau  noabreusos. 
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Fig.  16  -  Exaapia  da  focallsatlon  duo  A  una 
■anoauvra  da  1' avion  :  tiaca  au  sol  do  la  nappa 
da  focallsatlon  dua  A  un  virago  at  position  do  la 
nappa  do  choc  (altltuda  11  OOO  n6tras,  Mach  1,7 
factuca  da  cbargo  n  -  2,  temps  da  also  on 
virago  t  3  sacondas).  (Rdf.  1/(3]). 


S.  Provision  nratloua  daa  banan 
S.l  Position  au  sol  du  tanls  da  bang 

La  provision  do  la  position  gOoaOtrlqua  das  nappas  da  bang  s’affactuo  trOa  slsiplomont 
par  calcul  da  la  propagation  daa  rayona  sonoras  A  partlr  do  la  loi  du  snuvemant  da  1 'avion 
aur  aa  trajactolra  at  daa  condltiona  mOtOorologlquaa,  on  calcula  alnsl  largaur  da  tapla  do 
bang,  isoOmlaalona,  isorOcoptiona,  coupuraa  latOralas  at  longltudinalaa  ;  laa  aonaa  da 
focallsatlon  aa  dOtaralnant  an  tant  gu'anvaloppoa  daa  laoOmlaalo'na. 

S.a  Calcul  da  I'lntanaltO  du  bang 


La  calcul  da  I'lntanaltO  du  bang  aat  un  pou  plua  lourd,  11  domanda  an  partlcullar 
1 ' introduction  d'una  fonctlon  daa  caractOrlatlquas  da  voluma  at  da  portanco  do  I'avlor  at 
dOpandanta  das  conditions  da  vol.  Un  cartain  nombra  da  programmos  da  calcul  da  cotta 
IntonsltO  axlsta  gul  dOrlvant  tous  do  calul  Otabli  on  1969  par  N.D.  Hayas  0  Prlncaton. 


La  donnOo  d'ontrOa  du  programna  oat  la  chatsp  do  prasslon  aOrodynamlquo  procbo  autour 
da  I'avlon  obtanu  0  partlr  d'una  tbOorlo  llnOarlsOo  qul  ast  caractOrisOo  par  la  fonctlon 
P  da  Hhltham  : 

avoc  P,  :  prasslon  aablanta  > 


N  ;  nacb  da  vol, 
{}  -  (M*  -  1)’'* 


9  >  position  angulalra  du  plan  d' Omission, 


F(f),  <L  p 

h\ 


^>1 


oa  A  raprOaanta  I'alra  da  la  sactlon  d'un  corps  da  rOvolutlon  Oqulvalont  A  I'avlon  par  las 
plans  tangents  aux  cdnes  da  Mach  la  long  das  dlffOrsntas  llgnoa  x  ••  e'’*  (flgura  17). 

La  propagation  dans  I'atmosphOra  do  cotta  perturbation  acouatlqua  Inltlalo  ast  onsulto 
OtudlOe  sulvant  las  prlnclpas  da  I'acoustlqua  gOomOtrlque  dOcrlts  dans  las  paragraphas 
prOcOdents,  c'est-0-dlra  an  utlllsant  las  proprlOtOs  das  tubas  at  das  rayons  sonoras  at  an 
corrlgeant  au  preiUar  ordra  das  of fats  non  linOalras  rOsultant  da  I'lntsractlon  parmanenta 
das  ondas  da  dOtonte  at  da  comprsssion  duos  0  I'amplltuda  flnla  du  signal  acouatlqua. 

La  coda  do  calcul  parmat  da  tanir  compta  das  vents  horisontaux  at  da  la  stratification 
an  tampOratura  da  I'atmosphOra,  alnsl  qua  das  manoeuvras  da  I'avlon.  II  no  parmat  capandant 
pas  d'Otudlsr  1' aspect  quantltatlf  du  phOnomOno  da  focallsatlon  nl  da  randra  compta  das 
dlstorslons  du  bang  rOsultant  da  la  turbulanca  rOgnant  dans  las  bassos  couchas  da 
I'atmosphOra. 
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X-Pf 


FI9.  17  -  Syat*m«  d*  coeidaiinda  utlllsd  pour  !• 
calcul  da  la  fonctlon  F. 


I>a  flgura  18  donna  un  axempla  pratitjua  da  1 'application  da  caa  programaaa.  Ella  fournit 
laa  aignatucaa  da  bang  attanduaa  de  Concorde  aur  una  trajactoira  type.  On  obaerve  an 
particulier  la  dddoublement  du  front  avant  lorsqua  1' avion  vole  k  altitude  moddrde  at  la 
niveau  important  du  bang  an  ddbut  da  montda  (altitude  aMsddrdr,  avion  lourd)  at  an  fin  da 
daacante. 

Oaa  foraulea  analytiquea  approchdaa,  aaaocidaa  k  daa  graphaa  apdcifiquaa  de  chaqua 
foranila  d'avion,  ont  dtd  dgalenant  dtabliaa  ;  allaa  paraattaat  una  Evaluation  rapida  da 
I'ordra  da  grandeur  da  I'intanaitE  du  bang  k  attandra  d'un  avion  ddtaminE  ainai  qu'una 
analyaa  aiada  de  1' influence  d'un  changenant  daa  conditions  da  vol.  Laur  axanan  montra  an 
particuliar  qu'un  changamant  du  Mach  da  vol,  pour  laa  Mach  aanalblaaMnt  aupEriaurs  au  Mach 
da  coupura,  n'affactara  qua  trEa  pau  I'intanaltE  du  bang  at  qu'an  rEgla  gEndrala  la  bang 
a'attEnua  avac  1' altitude  da  vol  un  pau  nolna  rapidamant  L'utiliaation  da  caa  foranilaa 
a'avEra  an  gdndral  sufflaanta  pour  la  dEtacmination  da  I'iataaaitE  du  bang  daa  aviona 
■ilitalrea. 


Ma«s« 

tonn«t 

Math 

Altitude 

(m) 

Pants 

dagrE 

Surprattion 
max.  Pattal 

OurEa 

(s) 

(D  OEbut  da  montEa 

173.35 

1.2 

10670 

V  3.0 

140,3 

0.297 

(D  OEbut  da  croisiEra 

147,73 

2.0 

IS  330 

0 

01,2 

0.194 

®  FindatroiiiEra 

111.20 

2.0 

17050 

0 

72,2 

0,190 

®  Findadaicanta 

110.37 

1,2 

13S40 

-  2,0 

106.2 

0.280 

Cakult  fait*  pour  un  avion  tarn  accEl^ration 


Fig.  18  -  Concorde  >  Evolution  da  la  aurpreaaloa  aoua  trace  la 
long  d'una  route  type.  (REf.  1/(22)). 
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t.-  aaeonpamapt-ii  BTO^rlMntaux 

Da  trds  norabreusaa  campaqnaa  da  aaaura  du  bang  ont  ttt  nen^aa  aux  Etats-Unla,  an  Franca 
at  dana  d'autrea  paya  utlllaant  lea  vola  auparaonlquaa  d'antralnamant  daa  avlona  mllitaltaa 
ou  daa  vola  apdclalamant  organlaAa  pour  I'ituda  d'aapacta  apdclflquaa  du  bang  (par  axaapla  ; 
la  focallaatlon) . 

On  paut  rdaunar  comaw  ault  laa  prlnclpaux  anaalgnaaanta  tlrta  daa  aasala  an  vol  : 

-  bona  racoupea'anta  daa  pr6vialona  du  calcul  concamant  la  poaltlon  du  tapla  da  bang 
lora<iua  laa  condltlona  adttorologlquaa  (vant  at  teap^ratura)  aont  blan  connuaa.  En 
partlcullar,  la  poaltlon  daa  zonea  da  focallaatlon  paut  fttra  alnal  ddtaralnia  k  environ  un 
klloafttra  pr6a,  ’ 

-  racoupenant  apparaaaant  aaaaz  aatlafalaant  daa  privlalona  Inttraaaant  I'lntanaltd 
du  bang  soua  trace  ;  toutefola,  lea  coaparalaona  entra  banga  calculia  compta  tenu  dea 
condltlona  ndtdorologlquaa  at  lea  banga  awaurAa  aont  encore  pau  nombrauaaa, 

-  racoupenant  atatlatlguanant  aatlafalaant  da  I’anaanble  daa  neauraa  da  banga  aoua 
trace  at  bora  trace  avec  laa  valaura  pr4vuaa  par  la  calcul  aana  tenlr  conpte  daa  condltlona 
■4t4orologlquaa  i  lea  valaura  moyannaa  coincident  A  10  t  pr*a  environ  mala  la  dlaparalon 
oat  alora  aaaaz  granda  (figure  19).  Catta  roMrqua  eat  importanta,  loraqu'on  parla  d’una 
valour  nonlnala  du  niveau  da  bang.  Catta  dlaparalon  qul,  aur  la  figure  19.  concarno  daa  vola 
dlffAranta  d'un  mtma  avion  affecte  dgalanant  da  nanlAra  importanta  laa  banga  inla  au  coura 
d^un  a4na  vol,  at  ca  an  daa  pointa  da  maauraa  volalna  (voir  fig.  20  at  21), 

-  aoua  trace,  dana  dea  condltlona  ataoaphdrlquaa  calnaa,  la  bang  pargu  au  aol  oat 
gdadralenant  blan  formA  (front  da  compraaalon  dana  la  choc  avant  AtalA  aur  un  taapa  allant 
d'una  fraction  da  milllaaconda  k  plualeura  mllllaecondaa) .  Loraquo  I'atmoaphAre  aat 
turbulanta,  laa  tenpa  da  nontda  dana  laa  choca  pauvant  ttra  aouvant  plua  Importanta 
(qualquea  mllllaecondaa)  at  la  algnatura  varla  d'un  lieu  k  un  autra  da  manlAre  aaaaz 
pArlodlqua  (fig.  21), 

-  laa  algnaturea  da  bang  tandent  k  prdaantar  dea  fronta  da  montda  plua  prograaalfa 
juaqu'A  attalndra  daa  alluraa  la  plua  aouvant  praaqua  alnuaoldalaa  vara  1 ' axtrAmltd '  da 
tapla.  Rappalona  an  outre  qua  la  bang  en  axtrimltd  latArala  da  tapla  aat  d'lntanaltd 
baaucoup  plua  falbla  :  laa  banga  d*axtr<mlt4  da  tapla  aont  tranaportda  aulvant  daa  rayona 
aonoraa  praaqua  horlzontaux  au  volalnaga  du  aol  at  qul  da  ca  fait  ae  propagant  trba 
longtempa  dana  laa  coucbea  trAa  turbulantaa  do  la  baaaa  atmoaphdra,  ca  qul  parait  dtre  una 
daa  cauaaa  do  catta  dlatoralon  du  algnal  acouatlqua  (figure  22), 

-  laa  banga  focalla4a  maaurda  lore  daa  acedlAratlona  tranaaonlquaa  aont  4  A  5  fela  plua 
Intanaaa  qua  caux  Arnla  lore  du  vol  atablllad,  cad  indApandamnent  du  niveau  d'accAlAratlon 
da  1' avion,  la  dlaparalon  dea  maauraa  Atant  toutefola  plua  granda  quand  1 'accAlAratlon  aat 
falbla,  ca  ranforcamant  oat  un  pau  plua  important  qua  no  la  lalaaalt  prAvolr  la  thAorla 
(3,S).  ca  qul  paut  a'expllquor  par  la  fait  quo  la  thAorla  no  prand  paa  an  compta  I'onda 
rAflAchla  au  nlvoau  da  la  cauatlqua.  La  profondaur  aur  laquella  catta  amplification  aat 
obaarvAa  aat  da  I'ordra  do  cant  A  qualquea  cantalnea  da  mAtraa  (figure  23), 

-  laa  caractArlatlquoa  daa  banga  focallaAa  obaarvAa  lora  da  vlragoa  aont  trAa  volalnoa 
daa  prAcAdantaa  :  ranforcamant  volaln  da  9  at  profondaur  aur  laquella  la  ranforcamant  aat 
aanalblo  da  I'ordra  da  qualquea  cantalnea  da  mAtraa  ;  toutefola  laa  condltlona 
oxpArlmentaloa  daa  aaaala  (Mach  1,7  at  2  ;  factaur  da  charge  da  2)  ont  AtA  pau  variAaa  at 
aucuna  tentative  thdorlqua  n'a  AtA  falta  pour  donnar  A  ca  rAaultat  un  certain  caractAro  da 
gAnAralltA  (figure  24), 

-  laa  maauraa  da  banga  au  volalnaga  da  la  auparfocallaatlon,  trAa  dlfflcllaa  A 
rAallaar,  aont  pau  nombrauaaa  t  on  a  obaarvA  daa  ronforcamanta  d'lntanaltA  du  bung  dApaaaant 
8.  Catta  valour  parait  Atra  un  minimum  compta  tanu  da  la  dlfflcultA  qu'll  y  a  A  placer  un 
captaur  da  maaura  aufflaammant  procha  du  point  da  auparfocallaatlon,  la  auperflcla  affactAa 
parait  trAa  rAdulta,  da  I'ordra  da  qualquea  cantalnea  da  mAtraa  carrAa  (figure  25).  la  ca 
caa  Agalamant  11  aat  difficile  d'Avaluar  la  caractAra  do  gAnAralltA  du  rAaultat, 

-  laa  focallaatlona  at  suparfocallaatlona  pauvant  intarvanlr  pour  da  trAa  falbloa 
manoauvraa  da  1 'avion  quand  la  Mach  do  vol  aat  procha  du  Mach  da  coupura  (figure  26), 

-  aur  la  planche  27  figure  un  rAcapltulatlf  dea  maauraa  d'lntanaltA  da  banga  affactuAoa 
aux  USA.  II  donna  urio  vua  d'anaamblo  aur  laa  Influancaa  raspactlvaa  da  la  tallla  at  da  la 
forma  da  1' avion,  da  1' altitude  do  vol  at  du  Mach  aur  I'intanaltA  du  bang  pargu  au  aol. 
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rig.  *9  -  Dieperaloa  daa  autproaalona  da 
erOte  dana  la  bang.  La  dlaparaloa  aat 
plua  graada  aa  Otd  gu'aa  blvar. 

(Mf.  2/llJ). 


rig.  20  •  Baaga  da  Coneorda  a«aur4a  aa  daa  pelata 
velalaa.  Laa  froata  da  cboo  aeat  aata  Mia  daa 
fluetttatJoaa  aaaalblaa  affaeteat  laa  praaaloaa  da 
erOta.  (R4(.  1/(7)). 


Concorde  2  a  17000m 


500  ms 


7-104 


-Kf 

reeked 


a-SB  XB-70 


rig.  21  -  VarlatallltB  daa  algaaturea  da  bang  parguaa  au  aol. 
{B#f.  2/(1)). 
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Pig.  22  -  Variation  da  l*lntanalt4  at  da  la  borma  du  bang  avac 
I'dlolgnaaant  lat«ral  XB-70.  (B«f.  2/(1]). 


Pig.  23  -  Pocallsatlon  au  coura  d'una 
accdldratlon  tranaaonlqua.  Laa  alcrophonaa  altuda 
aur  un  axa  ractlllgna  sont  dlstanta  da  100  a  laa 
una  daa  autraa.  On  volt  qua  I'affat  da  la 
focallaatlon  aat  tr4a  local.  (Opdcatlon  Jdrlcho  - 
focallaatlon) .  {Mt.  1/(8)). 


Pig.  24  -  Pocallaatlon  an  vlraga  atablllad.  Laa  polnta  da  naauca^ aont 
allgnda  at  dlatanta  da  100  ■  laa  una  daa  autraa.  On  dlatlngua/ laa  3 
nappaa  da  bcnga  (Opdratlon  Jdrlcbo-Carton) .  (Rdf.  1/(8]). 
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Fig.  27  -  Sonic  boon  ilgnatur* 
and  intonalty.  (R*f.  i/(23l). 
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7.  du  bang 

7.1  Mowni  d'6tnda« 


12-17 


Pour  4tudl«r  I'effat  det  ban^a,  tant  tur  lat  atructuraa  qua  aur  laa  dtraa  vlvanta,  11 
aat  ndcaaaalra  da  produira  un  tr*a  qraod  aoabra  da  banga  da  nanltra  k  pouvolr  dtudlar  laa 
affata  da  fatlgua  ou  d'habltuatlon.  Pour  cala,  on  a  baaoln  da  uoyana  d'aaaala  pamettant 
da  crAar  alaAmant  daa  ondaa  da  praaalon  blan  raproductlblaa  prAiantant  laa  caractArlatlquaa 
du  bang. 

Daux  granda  typaa  da  aoyana  pauvant  Atra  utlllaAa  A  catta  fin  : 

'  aolt  un  tuba  A  choc  conlqua  da  trAa  granda  dlnanaion  tal  qua  calul  dAcrlt  aur  la 
flgura  28  :  I'Aclatamant  da  la  mambrana  qul  obtura  la  partla  motrlca  du  tuba  eraplla  d'alr 
an  aurprasalon,  donna  nalaaanca  A  una  onda  an  M  qul  prAaanta  toutaa  lea  caractArlatlquaa 
d'lntanaltA  at  da  ducAa  du  bang,  intanaltAa  at  durAaa  Atant  rAglablaa  an  fonctlon  du  cholx 
qua  I'on  fait  da  la  poaltlon  da  la  aanbrana.  Dana  la  vaata  chaxbra  da  naaura  qul  aat  alnal 
balayAa  par  I'onda  an  M,  on  paut  procAdar  A  dan  Atudaa  d'affata  phynlologlquaa  ou 
atructuraux,  ou  ancora  Atudlar  laa  affata  indulta  A  I'lntArlaur  d'un  local  conatrult  an 
parallAla  da  catta  chaadira  da  xaaura, 

-  aolt  crAar  par  1 '  IntamAdlalra  da  haut-parlaura  dana  un  local  da  falbla  voluaa 
(flgura  29),  ou  da  platona  dana  un  local  do  plua  grand  voluaa  (flgura  30)  una  Avolutlon  do 
praaalon  raprodulaant  una  ondo  an  H  ou  I'onda  Indulta  A  I'lntArlaur  d'un  local  par  un  bang 
axtarna  :  un  tal  aoyan  nara  partleullAraaaat  blan  adaptA  aux  Atudaa  daa  affata  aur  laa 
atructuraa. 

Bn  daborn  da  can  doux  noyana  prlnclpaux  at  daa  aanuraa  qua  I'on  paut  falro  lorn  do  vola 
d'aaaala,  baaucoup  d'autran  noyana  pauvant  Atra  utlllaAa  tala  qua  la  crAatlon  da  daux 
patltaa  inpulalona  almulant  laa  fronts  avant  at  arrlAra  du  bang  at  obtanuaa  par  I'Aclatamant 
succasalf  daa  mambranaa  do  farmatura  do  doux  rAaarvolra  d'alr  conprlmA  (flgura  31) .  Un  moyan 
da  ca  typa  aufflt  pour  una  pranlAra  approcha  da  I'Atuda  daa  rAactlona  da  auraaut  on  champ 
libra. 


Pig.  28  -  GAnArataur  da  bang  da  I'ISL  ;  tuba  A  choc  conlqua 
fournlaaant  una  onda  an  K  ajuatabla  an  intansltA  at  durAo  au 
nlvaau  da  la  chambra  d'axpArlmantatlon.  (RAf.  l/t7|). 


Pig.  29  -  Chambra  axcltAe  par  das  hauts-parlours 
pour  Simulation  do  I'effat  du  bang  sur  das 
structures  do  patltaa  dimensions  ou  da  patlts 
anlmaux  (Volume  1701).  (RAf.  1/(7]). 
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FI9.  30  -  Banc  da  fatlgua  du  CSTB/Granobla  pour  dtuda  da 
la  tanua  dat  atrueturaa  axpoadaa  au  bang.  (idf.  5). 


Fig.  31  -  Dlapoaitlf  fournlnaant  an  chaap  libra 
daux  pica  da  praaalon  tuccaaalfa  rdaultant  da  la 
vldanga  da  daux  rdaarvolra  d'alr  coaprlad  at 
paraattant  I'Atuda  daa  rdactlona  da  auraaut. 
(Rdf.  1/171). 


7.3  Bffata  nhaaloloaimiaa 

Oa  trdi  noabrautaa  dtudaa  ont  dtd  aandaa  taut  an  laboratolra  qua  aur  la  tarraln  pour 
ddtarainar  laa  affata  phyalologlquaa  du  bang  t 

-  dtudaa  intdraaaant  la  production  anlaala  t  affata  aur  la  coaportaaant  daa  cbavaux, 
daa  porca.  daa  volalllaa.  daa  olaaaux  aauvagaa,  aur  la  raproductlon  daa  bovlna,  la  taux 
d'deloaion  daa  eouvdaa  d'oaufa  da  poulaa  ou  da  falaana,  la  eoaportaaant  daa  polaaona  ... 

-  dtudaa  da  1‘affat  du  bang  aur  laa  fonctlona  phyalologlquaa  da  I’anlnal  pour  an 
dvaluar  laa  affata  aur  I'Btra  vlvant  an  gdndral  at  plua  partlculldcanant  an  vua  da  connaXtra 
aon  action  posalbla  aur  I'hoaaa  i  affata  aur  I'dqulllbratlon  at  1' audition  aur  laa  rdactlona 
boraonalaa,  cardlovaaculalraa,  dlactropbyalologlquaa,  conportaaantalaa  ... 

-  dtudaa  dlractaxant  tdalladaa  ehaa  I'hoaaa  1  Influanca  aur  la  aoaaall,  1' audition, 
la  ayatixa  cardlovaaculaira  . . . 

Cat  anaaabla  d'dtudaa  a  aontrd  qua,  an  plua  da  la  gBna  rdaultant  da  tout  phdnondna 
aenora,  aaulaa  daa  rdactlona  dlractaaant  lidaa  A  una  rAactien  da  auraaut  (ou  d'arrtt)  daa 
indlvldua  pouvaiant  Atra  alaaa  an  Avldanca. 

On  paut  caractdrlaar  laa  rdaultata  obtanua  pour  un  bang  da  algnatura  an  H  elaaalqua 
coaaa  ault  1 

-  la  frdquanca  at  I'anplaur  da  la  rdactlon  da  auraaut  crolaaant  avac  I'lntanultA  da 
crAta  du  bang.  La  rAactlon  paralt  gAnArala  pour  un  bang  ItolA  blan  forsA  d'lntanaltA 
aupArlauca  ou  Agala  A  100  Faacala, 

-  allaa  dAcrolaaant  quand  la  taiipa  da  aontAa  dana  la  front  da  coapraaalon  avant  da 
I'onda  crolt, 

-  11  y  a  habituation,  I'aaplltuda  da  la  rAactlon  Moyanna  pour  un  groupa  da  aujata  donnA 
dAcrolt,  au  fur  at  A  aaaura  qua  laa  aujata  axpArlaantant  daa  banga  auccatalfa,  par  axaxpla 
A  ralaon  da  dlx  par  joura.  Oa  notara  toutafola  qu'aprAa  Intarruptloa  anaantanAa  da  la  aArla 
axpAriaantala,  una  dAahabltuatlon  partlalla  intarviant  at  qu'A  I'latArlaur  d'un  groupa  da 
aujata  habituAa  aubalatant  da  aaniAra  alAatolra  at  indlvldualla  daa  rAactlona  da  auraaut, 

-  fl  laa  rAaultata  obtanua  par  laa  dlffAranta  axpArlaantataura  aont  trAa  cohAranta 
qualltatlvaaiant  pour  ca  qul  concarna  1' influanca  da  la  aurpraaalon  da  crAta,  du  taapa  da 
aontAa,  at  da  1' habituation,  lla  dlffArant  quantltatlvaaant  an  fonctlon  daa  taata  appllquAa, 
da  I'Atat  da  prAparatlon  at  d'lnfomtatlon  daa  aujata,  da  I'aablanca  gAnAraia  daa  aaaala  1 
11  aaabla  capandant  qua  pour  daa  banga  d'lntanaltA  uodArAa  (<50  Faacala),  A  front  do  aontAa 
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pro^rcislf  (qualquai  ■illisacondaa) ,  reaction*  da  aurtaut  aprta  habituation  pulaaant 
davanlr  pau  noabreuaaa,  tout  au  noina  pour  daa  au]ata  axpoada  au  ban^  tal  qu'll  aat  raaaaatl 
an  chaap  libra  (figura  32). 


Fig.  32  -  Ituda  da  auraaut  au  gdndrataur  da  bang,  laa  au)ata  aont  aaaaia 
Bur  das  aldgaa  dquipda  da  laugaa  da  eontrainta  at  courba  indiquant  la 
taux  do  auraaut  da  30  t.  (Rdf.  3/(S)). 


FaraliaioMot  A  caa  dtudaa  da  laberatoiraa,  da  noaibrauaaa  axpdrlaantationa  ent  dtd 
•andaa  aur  la  tarraln  paraottant  da  connaltra  la  cdaction  daa  populatlena  aoualaaa  au  bang, 
foit  lora  da  caapagnaa  da  aurvol  apdcialaaant  daatindaB  A  caa  dtudaa,  aoit  utlllaant  daa 
banga  alaulda,  aoit  on  affactuant  daa  anqudtaa  d'oplnion  auprda  daa  populatlona  Boualaao 
rdgttllAraaant  aux  banga  daa  vola  d' antral naaant  daa  aviona  xllitairoa. 

Laa  rdaultata  daa  anqudtaa  d'oplnion  at  I'axploltatlon  daa  plaintaa  ddpoadaa  racoupant 
bian  laa  rdaultata  da  laboratoira,  pour  ca  qui  concarna  I'affat  d' habituation  at  I'lnfluonca 
da  la  proaaion  do  crdta  du  bang.  Ila  loumiaaant  capandant  quolquaa  infonMtiona 
co«plda«atairoa  i 

•  A  I'intdriour  daa  habitationa,  laa  banga  aont  )ugda  au  xoina  auaai  gdnanta  qu'an 
chaag;  libra. 

-  I'attltuda  via-A-via  du  bang  no  ddpand  paa  unlquaawnt  daa  caractdriatlquoa  phyaiquaa 
do  calui-cl  xala  auaai  da  noabraux  factaura  an  partlcullor  paychologlquoa  (caxpagnoa  da 
Ftaaaa,  inforaation,  dagrd  da  culturo  daa  Indlvidua,  intdrdt  pour  I'adroaautiquo,  Ago, 
aaxo) , 


-  1' habituation  au  bang  ai  tant  aat  qu'alla  puiaaa  axiv^tor  lora  d'axpoaitlon  A  daa 
banga  d'avlona  allitalraa,  trda  irrdguliora  dana  lour  prdaontatlon,  no  paraXt  paa  iapliquor 
1 'accaptatlon  du  phdnomdna  :  ainai  il  aat  caractdriatlqua  d'obaarvar  qua  laa  populatlona 
laa  anlna  dlapoadaa  a  conaiddrar  coma  adaiaalblaa  laa  banga  raguiiaca  qui  rdaultoraiant 
daa  vola  auparaonlquaa  daa  avtona  conaMrclaux  aont  callaa  qui  ont  dtd  la  plua  frdquaanont 
aoualaaa  au  bang  daa  aviona  oilitairsa. 

Da  cot  anaaablo  11  aaabla  quo  I'on  puiaaa  tirar  laa  conelualona  auivantaa  t 

-  la  bang  tal  qu'll  aat  raaaantl  aoua  la  traca  da  I'avlon  ou  A  aon  voiainaga, 
d'lntanaltd  aoyanna  da  SO  A  <S  Paacala  (pour  un  avion  milltaira)  avac  una  probabllitd 
inportanta  da  cidtaa  da  praaaion  d'lntanaltda  aupdrlauraa  at  un  tanpa  da  amntda  an  praaiion 
tantet  ixportant  (qualquaa  xilliaacondaa)  at  tantOt  court  (da  I'ordra  da  la  xllliaasondo) 
antralnara  una  proportion  da  rdactiona  da  auraaut  aon  ndgligaabla, 

-  laa  banga  d'axtrdmitd  da  tapia  pau  intanaaa  at  xal  tomda  na  doivant  provoquar  qua 
pau  (OU  paa)  da  rdactiona  da  auraaut, 

•  laa  banga  da  focallaation  trda  intanaaa  at  gdndralaaMnt  bian  fonada  aaront  xal 
aupportda. 
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7.3  Iffata  aur  Ina  «txiigtiirB«  at  laa  MtlMnta 

Laa  affata  du  bang  aur  lea  atructuxaa  at  lea  bitlaenta  ont  fait  I'objet  da  trda 
noad>rauaaa  dtudea  :  atudaa  an  laboratolrea  pour  ddtaralner  lea  aeulla  d '  cndoamagemanl:  par 
action  d'ondaa  .aoldea  ou  par  fatlgua  d'dlimenta  da  conatructlon.  dtudea  du  conportement 
da  bdtlmenta  at  da  structurea  lora  da  canpagnaa  d'eaaaia  an  vol  ou  lora  du  aurvol  par  dea 
avlona  mllltalrea,  dtude  du  comportement  daa  monuaenta  hlatorlquaa,  analyaa  dea  plalntea 
dmlaaa  lora  dea  vola  d'entralneaant  dea  avlona  allltalraa. 

Una  analyaa  coaplita  at  gdndrala  dea  affata  du  bang  aur  lea  dldmenta  da  atructure  eat 
delicate  ;  en  effet  ceux-cl  aont  aouala  e  una  onda  axtarna  ddji  rendua  coaplexe  an  ralaon 
daa  rdflaxlona  qu'elle  a  aublaa  aur  la  bdtlaent  conalddrA  at  dana  aon  volalnaga  (figure  33) 
at  qul  Indult  i  I'lntdrleur  daa  locaux  un  cheap  da  preaalon  fonctlon  dea  ouverturea 
(fanetra,  toltura),  at  dea  dlaenalona  du  local. 


Fig.  33  -  Influanca  da  la  prdaantation  du  bang 
aur  la  factaur  d'aaplification  dynaaiqua 
caractdrlaant  aon  action.  (R«f.  5/1). 
a)  factaur  d’aaplification  dynaaiqua  pour  la 
algnatura  r4aultant  d'una  onda  an  N  incllnda 
rdfldchla  aur  un  bttlaant  haut  ;  b)  factaur 
d'aaplification  dynaaiqua  pour  la  algnatura 
rdaultant  d'una  onda  an  N  frappant  noraaleaant  un 
betlaant  haut. 


Laa  aaaala  da  laboratolra  aontrant  qua  la  aaull  d ' andonuaagaaant  da  atructuraa  aalnaa 
at  convanabl ament  raonteaa  (plafonda,  clolaona  legaraa,  vltrea)  ae  altua  gandralemant  aux 
anvlrona  da  2000  A  3000  Paacala  pour  daa  expoaltlona  A  un  bang  unique  at  done  blan  au-dalA 
du  nlvaau  habitual  du  bang,  aAaa  compta  tanu  da  1 'amplification  qul  peut  rAaultar  dea 
phAnoaAnoa  da  rAaonanca  acouatiqua  Intarnaa  aux  locaux  ;  toutafola  daa  dAaordraa  lAgara, 
par  affat  he  fatlgua,  peuvant  apparaltra  aoua  1 'action  da  banga  cApAtAa  A  dea  nlveaux 
d'lntanaitA  molndraa  (200  ou  300  Paacala).  La  bang  paratt  done  n'avolr  d'actlon  quo  aur  daa 
atructuraa  vlalllloa  ou  aoualaaa  A  dea  contralntaa  anormalaa  ou  encore  mal  conguaa.  In 
riaqua  ast  alora  d'autant  plua  grand  qua  la  bang  aat  plua  intanaa  (banga  focaliaAa). 

D'una  aanlAra  gAnArala,  I'affat  du  bang  aora  d'autant  plua  aonalbla  quo  aa  frAquanca 
fondaaantala  aora  voiaina  da  la  frAquanca  propra  da  la  atructure  conaldArAo  at  da  la 
frAquanca  da  rAaonanca  du  local  ou  da  I'aoaaabla  da  la  aArla  da  locaux  coioaunlca-ta  od  alia 
aa  trouvo  placAa. 

Laa  aaauroa  faltoa  aux  la  terrain  lora  du  vol  d'avloaa  aUlltalraa  an  vol  atablllaA 
aontrant  qua  la  plua  aouvant,  la  bang  n’ Indult  paa  da  aollicltatlona  d'un  nlvaau  aupArleur 
A  calul  indult  par  d'autraa  aollicltatlona  (vant,  vibratlont  duaa  A  la  circulation 
routlAra)  ;  toutafola  aon  action  aat  aaaoa  apAclflqua  at  oat  plua  prononcAa  aur  cartalnaa 
atructuraa  talloa  quo  cartalna  typoa  do  plafonda. 
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Paralltlamant  k  caa  affata  aur  laa  atructuraa,  il  faut  igalemant  tanlr  compta  dea 
brulta  angandrda  par  Xaa  vibratlona  d'objata  (valaaalla  par  axaapla)  dont  la  principal 
iDConvdnlant  aat  la  gftna  audltlva  qul  an  rdaulta. 

La  bang  apparalt  an  ddflnltlva  ceaata  una  agraaalon  qul  a'a)oute  aux  autraa  rdaultant 
da  I'anvlronnemant  (vent,  tenpdta,  circulation,  cyclaa  thamlquea,  geatlculatlona  dlveraea 
tela  qua  aauta,  claquements  da  portea  ...),  mala  qul  parfola  a  un  effet  aaaez  apdclflqua. 
II  na  paralt  paa  avoir  d' action  algnlflcatlve,  mSma  par  fatlgua  aur  lea  conatructlona  aalnea 
mala  peut  Atre  cauae  da  ddaordrea  Intdraaaant  dea  ilAmenta  da  conatructlon  mal  entretenua 
ou  mal  montda  ;  da  manlAre  exceptlonnella,  lea  ddaordrea  pauvent  a'dtandre  A  I'enaemble  da 
la  conatructlon. 

Compte  tenu  da  ce  caractAre  'anomal*  dea  dAgAta  dua  aux  banga,  11  paralt  difficile 
da  fixer  un  aeull  d'adnlaalbllltd  an  la  matlAre.  On  ne  peut  qua  ae  reporter  aux  atatlatlquea 
concernant  lea  plalntea  (nombra,  gravltd)  rdaultant  dea  aurvola  dea  avlona  mllltalrea  avec 
la  rdaerva  Importanta  qu'll  aat  dlfflclla  d'aaaocler  A  un  domaage  dA.temlnA  un  niveau  da 
bang,  compta  tenu  de  la  prAclalon  inaufflaante  da  la  connalaaance  qua  I'on  a  alora  da  la 
trajactolra  prAclaa  aulvle  par  I’avlon  Amatteur  at  de  la  manoeuvre  qu'll  a  pu  exAcuter.  II 
aembla  qua  aeula  dea  banga  vlolanta  (banga  focallaAa  ou  dea  banga  Amis  A  trop  banaa 
altitude)  pulaaant  Atra  cauaaa  de  dAaordrea  algnlflcatlfa. 


8.  Conelualon 

La  connalaaance  qua  I'on  a  du  bang  et  da  aea  affata  paralt  sufflaanta  pour  laa  beaolna 
pratlquea  da  la  prAparatlon  daa  vola  mllltalrea  mAma  al  certalna  progrAa  demaurent 
aouhaltablaa  :  on  aalt  calculer  la  position  au  sol  das  zones  od  seront  ressentls  das  bangs, 
calle  dea  zones  od  rlaquent  d'apparaltre  dea  focallsatlons  ;  on  salt  prAvolr  una  IntensltA 
nomlnale  du  bang  et  aa  rApartltlon  A  I'lntArleur  du  tapis  da  bang  at  I'expArlence  nous  donna 
un  ordre  da  grandeur  dea  dispersions  A  attendra  par  rapport  A  ces  valeurs  calculAes.  Le 
calcul  na  parmat  pas  de  prAclser  1' IntensltA  dea  bangs  focallsAs  mala  I'expArlence  nous 
renaalgna  aasaz  blen  lA-deasus  mAma  al  lea  donnAes  IntAressant  la  auperfocallsatlon 
demaurent  Insufflaantas.  II  ast  dlfflclla  de  prAclser  las  consAquencas  pratiques  dea 
rAactlons  da  sursaut  rAaultant  du  bang  mala  on  sart  qua,  compte  tenu  notammant  da  la 
dispersion  das  banga  en  niveau  da  crAta  et  an  tumps  da  montAa,  le  bang  pergu  sous  trace’ de 
1' avion  sera  cause  d'un  certain  nombra  da  telles  rAactlons  at  de  ce  fait  constltuara  una 
gAna  at  d'autant  plus  grande  qua  1' avion  sera  plus  lourd  ou  volara  plus  baa.  Ce  type  de  gAne 
ne  davralt  plus  Atra  resaantl  en  axtrAmltA  latArala  de  tapis.  Blen  qu'll  aolt  dlfflclla  d'en 
apprAcler  I'lmportanca,  on  aalt  qua  las  bangs  focallsAs  rlsquant  d'Atra  causes  da  dommagas 
aux  structures  vlellllea  ou  mal  antratanuas. 

La  aurvol  auparsonlque  dea  terras  par  dea  avlona  mllltalrea  peut  n'Atra  pas  toujours 
Avltabla  :  da  tela  vola  dolvent  alora  fairs  I'objet  d'una  prAparatlon  attentive  ;  la 
dlfflcultA  da  cette  prAparatlon  provlent  des  Incertitudes  llAes  A  la  connalssanca  de  la 
mAtAorologla  at  A  cells  du  dAtall  prAcls  de  la  trajactolra  qua  sulvra  I'avlon.  Lea  rAgles 
qul  guldent  una  telle  prAparatlon  sont  Avldentes  :  altitude  de  vol  AlevAe,  posltlonnement 
des  zones  susceptlbles  d'Atie  affectAes  par  des  focallsatlons  en  des  rAglons  InbabltAes, 
trajectoires  rectlllgnes  placAes  au-dessus  de  zones  aussl  peu  peuplAea  qua  possible, 
minimisation  des  portions  de  trajectolres  parcourues  A  nonbre  de  Mach  falblement 
supersonlqua  afln  d'Avlter  les  risques  de  focallsatlons  ImprAvues. 

La  plus  souvent  les  vols  supersonlques  s'effectueront  au-dessus  de  I'ocAan,  en  ca  cas 
Agalement  des  prAcautlons  devront  Atre  prises  pour  Avlter  1' Amission  de  bangs  vers  la  terre 
en  partlculler  au  cours  de  la  phase  de  dAcAlAratlon  finale. 
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Discussion 


QUESTION  BY:  L.W.  Illston,  BAe,  UK 

Is  there  likely  to  be  a  level  of  overpressure  which 
does  not  cause  annoyance,  and  if  so,  what  level  do 
you  think  it  is? 

AUTHOR'S  RESPONSE: 

L'effet  le  plus  caract^ristique  du  bang  reside  dans 
le  sursaut  qu'il  provogue.  Ainsi  que  cela  a  dtd 
expose,  la  reaction  de  sursaut  se  prete  assez  bien 
A  une  analyse  quantitative  (amplitude,  frequence) 
mAme  si  les  rAsultats  obtenus  par  les  diffArents 
expArimentateurs  variant  en  function  du  contexte 
des  essais  (nature  des  tests  retenus,  degrA  de 
preparation  des  sujets,  nature  des  simulations, 
ambiance  generale  des  essais) .  Ainsi  on  pense 
generalement  qu'une  onde  qui  a  une  intensity  de  30 
ou  35  pascal  et  un  temps  de  compression  de  quelques 
raillisecondes  ne  devrait  plus  proyoquer  de 
reactions  de  sursaut  lors  qu'elle  est  pergue  en 
champ  libre;  supposons,  ce  qui  n'est  en  rien  prouve 
actual lament,  qu'il  en  soit  de  meme  A  I'interieur 
des  habitations,  une  telle  onde  aurait  perdu  la 
seule  caracteristique  reellement  nefaste  des  bangs 
mais  demeurerait  bien  perceptible  et  ferait  encore 
vibrer  portes  et  fenAtres:  Rien  ne  permet 
aujourd'hui  d'affirmer  gu'une  telle  onde  serait 
jugee  tolerable  dans  le  contexte  des  vols  rAguliers 
des  transporteurs  supersoniques  commerciaux  (le  cas 
du  bang  isolA  d'un  avion  militaire  est  different) . 
On  peut  rappeler  A  ce  propos  que  les  trajectoires 
de  Concorde  ont  AtA  mcdifAes  afin  de  minimiser  le 
perception  en  Grande  Bretagne  des  bangs  secondaires 
qui  sont  pourtant  d'une  intensitA  bien  moindre,  de 
I'ordre  de  la  fraction  de  pascal. 

QUESTION  BY:  (J.  Michel,  DLR  Berlin,  Germany 

1.  You  mentioned  that  the  pressure  difference 
depends  on  the  weight  of  the  aircraft.  There 
are  papers  that  express  hope  that  the  pressure 
difference  can  be  reduced  by  design  changes  of 
the  aircraft.  What  is  your  opinion  about  this? 

2.  Would  these  changes  of  the  waveforms  not  vanish 
due  to  the  nonlinear  effects  in  long  range 
propagation? 

AUTHOR'S  RESPONSE: 

En  allongeant  1' avion  et  en  modifiant  la 
rApartitlon  de  forces  de  portance  agissant  sur 
1 'avion  il  est  possible  de  modifier  la  signature  du 
bang  de  telle  sorts  que  celui-ci  parvienne 
IncomplAtement  formA  au  sol.  L'effect  de  surprise 
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qui  depend  de  1' Intensity  du  front  de  choc  Initial 
sera  alors  att4nu4.  Le  NASA  et  Boeing  out  beaucoup 
travailld  sur  ce  sujet.  Dans  I'dtat  actuel  du 
savoir  faire,  des  avions  ainsi  optimlsds  du  point 
de  vue  du  bang  quails  dmettent  prdsentent 
1 ' inconvenient  de  trainer  davantage  et  de  poser  des 
probiemes  structuraux  et  par  suite  p^sent  plus 
lourds  A  mission  donnde  (charge  utile,  rayon 
d'action) ;  on  reperd  ainsi  partiellement  I'avantage 
d'une  signature  plus  favorable. 

II  faut  observer  aussi  que  si  la  gAne  sous  trace  et 
en  champ  libre  peut  Atre  ainsi  thAoriquement  etre 
fortement  attenuA,  cela  est  moins  clair  A 
I'intArieur  des  habitations  et  latAralement.  Des 
Atudes  sur  ce  thAme  sont  menAes  en  prAparation  des 
gAnArations  futures  de  transporteurs  supersoniques 
civils. 

II  est  Clair  que  les  modifications  A  apporter  aux 
formes  aArodynamiques  sont  d'autant  moins 
importantes  que  1' altitude  de  vol  est  plus  faible 
et  certaines  Atudes  (chez  Boeing  en  particulier) 
tendent  A  rechercher  le  meilleur  compromis  possible 
(forme  aArodynamique-altitude-Mach  de  croislAre) 
conduisant  A  un  bang  au  sol  d'intensitA  et  forme 
donnAes . 

II  est  trAs  peu  vraisemblable  qua  ces  Atudes 
trouvent  pleinement  leur  application  pour  la 
prochaine  gAnAration  de  transporteurs  supersoniques 
d^une  part  parce  que  les  modifications  de  formes 
nAcessaires  pour  atteindre  le  but  vise  apparaissent 
trop  profondes  et  les  pAnalitAs  rorrespondantes 
trop  lourdes  et  d' autre  part  parce  qu'en  1' absence 
d'un  consensus  sur  des  formes  d'ondes  admissibles, 
qui  ne  parait  pas  dApendre  iiniquement  de 
considerations  objectives,  le  succf.-?  d'une  telle 
operation  ferait  incertain. 

QUESTION  BY:  H.  Dean,  HQ  USAF,  USA 

Mention  was  made  of  habituation  to  sonic  booms.  I 
am  not  aware  of  definitive  studies  on  the  degree  to 
which  people  accomodate  to  sonic  booms.  What  were 
the  overpressure  levels  that  were  used  in  your 
studies  on  people  and  animals  and  what  levels  did 
you  require  to  causa  damage  in  new  and  old  building 
and  new  and  old  glass? 

AUTHORS  RESPONSE: 

Les  Atudes  concernant  1 'habituation  chez  I'homme 
ont  AtA  assez  nombreuses:  Hay  et  Rice  (coups  da 
plstolet,  Southampton,  1971) ,  Chatelier,  Rylander 
et  Dancer  (bangs  soniques,  lie  da  Gotland,  1972), 
Chatelier  (Simulation  de  bang,  Mont  de  Marsan, 
1976) ,  Buck  et  Dancer  ainsi  qua  Rylander  et  Dancer 
(Simulateur  de  bang,  St.  Louis,  1977  et  1978) .  Les 
phAnomAnes  observAs  sont  chaque  fois  semblables. 
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Les  series  exp^rimentels  les  plus  completes 
paraissent  etre  les  derni^res:  elles  mettent  en 
oeuvre  des  bangs  simul^s  d'intensit^s  comprises 
entre  100  et  200  pascals  et  de  1  d  5  millisecondes 
de  temps  de  mont^e,  elles  montrent  un  tr^s  net 
phdnom^ne  d ' accoutumance  attaint  en  general  vers  le 
dixi^me  bang  pergu,  sans  pour  autant  gue  les 
reactions  de  sursaut  disparaissent  compl^tement. 
Par  example  pour  certains  tests  le  taux  de 
reactions  da  sursaut  tombe  100  %  pour  le  premier 
bang  ^  25  %  pour  le  deuxi^me  bang  et  se  maintient  h 
cette  valeur  pour  les  bangs  ult^rieurs.  Pour 
d'autres  tests  c'est  sur  1' amplitude  du  mouvement 
resultant  de  I'effet  de  surprise  qu'on  fera  une 
constat ion  analogue.  Des  phdnom^nes  assez  analogues 
ont  4td  mis  en  Evidence  chez  les  animaux  en 
particulier  pour  les  dlevages  de  volailles  (Pr. 
Cottereau,  Ecola  Vdtdrinaire  de  Lyon) . 

PAPER  NO.  :  12  (Continued) 

Concemant  les  effects  sur  les  constructions,  si 
I'on  ^carte  les  Atudes  da  laboratoires  gui  sont 
fort  completes  mais  gui  ne  concernent  gue  des 
AlAmentes  de  construction  isolds,  on  ne  peut  se 
rdfArer  pour  des  constructions  completes  gue  h  deux 
types  d' experimentation:  les  premiers  concernent 
des  constructions  neuves,  rdalisds  pour  les  besoins 
de  I'Atude,  dotAes  d'41Aments  jugds 
particuli^rement  sensibles  ii  1 'action  du  bang 
(plafonds  suspendus,  cloisons  lAgdres...)  et  de 
volumes  intArieurs  en  r^sonnance  avec  le  bang 
axterne  gui  sont  survoldes  A  altitude  variable  par 
des  avions  supersonigue  (par  example  Operation 
Jericho-Casbah,  Istres,  1972),  les  seconds 
concernent  des  constructions  anciennes  situAes  en 
dessous  des  trajectoires  d'entrainement  des  avions 
nllltaires  (par  example:  campagne  d' analyse  du 
comportement  des  monuments  hlstorlgues  ^^posAs  au 
bang,  faite  par  le  CSTB  dans  les  annAes  £9^70) :  dans 
le  premier  cas,  on  maitrise  le  niveau  d' intensity 
des  bangs  et  on  observe  des  degradations 
slgnificatives  A  partlr  de  guelgues  centalnes  de 
pascals  dans  le  second  cas  les  bangs  incidents  ont 
toujours  des  IntensitAs  voisines  (60  A  65  percels) , 
aucune  degradation  n'est  observee  et  on  mesure  des 
nlveaux  de  deformation  sur  les  elements  de 
structure  gui,  A  guelgues  exceptions  prAs  sont 
comparables  A  celles  dues  A  1' action  d'autres  types 
da  sollicitation.  II  est  alors  difflcla  de 
determiner  pour  guelle  intenslte  de  bangs  des 
degradations  apparaitraisnt. 
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1  tACKOROUND 

AMwugh  the  Iasi  two  deeedei  have  eaen  maior 
raduetlona  in  the  noiaa  from  civil  aircraft,  that  from  military 
oparationa  tioih  around  airflalds  arrd  from  low-flying  aircraft 
oontinuaa  to  ba  a  aourca  of  irritation  and  a  potanflal  health 
hazard.  Aa  a  oortaaquanca  a  pdot  atudy  on  Aircraft  Noisa 
waa  aalabliahad  in  1965,  iointly  piiotad  by  Germany  and  tha 
Unilad  Stataa,  under  tha  auapicea  of  NATOS  Commiltaa  on 
thaChalartgaaofaModarnSociaty (CCMS).  Rabriafwaa 
to  aaaaaa  tha  acaia  of  tha  proMam,  particularly  with 
roapad  to  rniWary  aircraft  noiaa,  and  to  propoaa  ramadial 
maaauraa.  Sut»groupa,  oompriairtg  of  Govammant 
oflidaia  from  intaraatad  mambar  nationa,  wara  thus  aat  up 
to  atody  tha  araaa  of 

Soutca  tachnotogy  -  poaatoilkiaa  of  radudng  noiaa  at 

aourca,  and 

raoahrar  tachnotogy  •  mMgiting  tha  nulaanca  on  tha 

ground,  and 

oparationa  artd  information. 

To  aaaial  In  tha  praparation  of  tha  raporta  from  tha 
Pitot  Study  aub-groupa,  two  oonfarancaa  involving  inter¬ 
national  axporta  wara  held.  Tha  firat,  which  waa  broadly 
baaed  and  of  Intaraat  to  al  aub-groupa,  waa  held  d 
MWanwald  In  Germany  in  Saptambar  1966.  Thaaaoond,at 
WMamaburg  in  April  1988,  waa  apadfically  targallad  at 
aourca  noiaa  technology  and  took  tha  form  of  briafinga  by 
induatry  rapraaantallvaa  on  thak  parapactiva  aa  to  tha 
future  of  mMtary  aircraft  noiaa  and  tha  potential  for  miiigai- 
ing  M.  Thia  aacond  oonfaranoa  aiao  providad  a  venue  for 
detailed  diacuaalona  between  thaaa  rapraaantatfvaa  and 
the  mambara  of  tha  Source  noiaa  aub^roup. 

Tha  raporta  from  the  Pkof  atudy  group  ware  aub- 
aaquantly  produced  drawing  upon  tha  information 
praaantad  at  thaaa  oortfarancaa,  tha  viawa  axpraaaad 
during  tha  aubaaquam  diacuaalona,  tha  avakabla  Ktardura 
and  tha  knowladga  of  the  aub-group  mambara. 

Bacauaa  of  tha  oominuing  concern  about  tha  noiaa 
lavala  produced  by  combat  aircraft,  tha  following  paper  ia 
intandad  to  provide  aoma  of  the  background  to  tha  main 
conduaiona  and  raoommandaliona  raachad  in  tha  final 
raport  of  tha  NATO/CCMS  Pilot  Study  on  AfRCRATT  NOISE 
M  A  MODERN  SOCIETY  Numbar  185^.  Although  biaaad 


towards  fbtad  wing  combat  aircraft  noiaa,  tha  praaant  papar 
alaoconaidars  olharCxod  wing  military  aircraft  but  apacifi- 
caly  aadudaa  aoniebooma  and  rotary  wing  aircraft  aa  thay 
both  have  thak  oaat  particular  noiaa  aourcaa  and  probiama. 

2  INTRODUCTION 

Hlalotfcally,  earl  akcrall  hava  baan  raqukad  to  maat 
avar  dghtaning  Mamadonal  atandarda,  namely  ICAO 
Atmaaeie^  In  Europe  and  PAR  part  36*  In  tha  Unilad  . 
Stataa  and  at  a  raauft  tha  noiaa  levels  for  new  dvfl  aircraft 
antoring  sarvica  hava  dropped  by  almost  20  dB^  as  shown 
InRgl.  This  waa  WHMy  due  to  tha  change  t.  tm  tutbo-)ata 
(or  low-bypaaa  rate  angkios)  to  the  modem  high-bypaas 
rate  tngiriaa*  such  at  lhaRB211,JT9  and  CP6.  Tha 
hnpatus  behind  thakdavaiapmant  waa  primarily  for  graatar 
propuWva  afllcianey  but  tha  aaaodatad  move  towards 
lowar  ipacific  thruala,  that  ia  thrust  providad  by  graatar 
mats  flows  and  lowar  exhaust  valocitiaa,  reduced  tha 
dominance  of  the  iai  mbing  noiaa  and  this  trend  Is  avidant 
from  Rg  2.  Further  ateanoaa  in  noiaa  reduction  tech¬ 
nology,  driven  by  tigMar  lagialation,  and  coupiad  with  tha 
gradual  rstkamant  of  the  oldar  and  nohiar  lata  hat  thus 
aignilicanily  imprevad  tha  noiaa  dimata  around  civil 
akfialds. 

Unfortunately  Vw  trend  tor  high-performance  combat 
akcrafl  ia  towards  angkrat  of  high  ap^ic  thrust  to  give 
tha  akcrall  kwraatad  agkily  and  to  onabla  them  to  oparata 
at  high  flight  tpaada  (exhaust  velocily  mutt  exceed  flight 
tpaad).  A  maaaura  of  this  growing  disparity  between  civil 
and  military  akcrall  noiaa  In  tha  akfiald  anvkonmanl  can  ba 
judged  from  Fig  3  which  shows  'cartiliad*  noiaa  lavala  for 
various  aircraft CM  aircraft  can  ba  up  to  20  dBquiotar 
than  a  mlHIary  aircraft  of  the  tamo  weight  but  thay  are 
uaualy  not  capabfa  of  tha  tame  miaaiona. 

2  NOtSE  SOURCES 

Afthough  mMtiy  and  dvil  aircraft  anginas  ahara  many 
common  nolta  touicas,  tha  aourcaa  which  dominate  diHar 
n  can  ba  seen  from  iha  diagrams  in  Fig  4.  Somaolthaaa 
aourcaa  ara  more  amanabla  to  treatment  than  olhara  and 
thus  depending  upon  lhak  nature  and  tha  angina  applica- 
lion,  aignilicanily  diflarani  noiaa  lavala  ara  produced.  The 
low-bypaat-rate  angina  is  a  high  apacific-thiust  angina  and 
typical  of  those  fWad  to  moat  modern  combat  aircrafl. 
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During  tak«-cN  its  noiss  is  dominatsd  t>y  tha  jat  noisa 
.  wharaas  that  ot  tha  high-bypass-ratio  angina  with  its  lowar 
spadfic-thrusl  tands  to  hava  ail  tha  sourcas  roughly  of 
aqual  magnituda.  This  is  a  ganaral  (aatura  of  civil  powar 
plants  and  arisas  from  tha  fact  that  to  achiava  low  noisa 
signaturas  no  ona  soutca  should  bo  allowod  to  dominata. 

In  ordar  to  undarstand  tha  various  problams  assod- 
atad  with  miiitary  aircraft  noisa.  it  is  bast  to  start  with  a 
dascripCion  of  tha  noisa  sourcas  and  offsets  involvad. 

3.1  Jot  mixing  noisa 

Jat  mixing  noisa  is  tha  sourca  synonymous  with  tha 
public's  imago  of  jat  aircraft  and  is  ganaratad  by  tha  high- 
vatodty  axhaust  gasaa  from  tha  angina  shaaring  and 
mixing  with  tha  surrounding  atmosphara.  Tha  sourcas  ara 
axtarnal  to  tha  angina  forming  a  ragion  approximatsly  10 
nozzla  diamatars  long.  Tha  noisa  is  highly  ssnsitiva  to 
changas  in  tha  axhaust  valocity^  as  is  avidant  from  Tig  5 
showing  how  tha  noisa  from  a  singla-straam  jat  varias  with 
axhaust  valocity. 

Tha  raductian  in  gradiant  at  tha  vary  high  valocitiss 
arisas  both  from  charrgas  in  tha  magnituda  of  tha  convac- 
thra  amplification  of  tha  quadruplas  and  anothar  sourca. 
addy-mach-wava  radiation,  coming  into  play^.  This  addi- 
tlonal  sourca  starts  to  appaar  whan  tha  convaction  spaads 
of  tha  addias  in  tha  mixing  ragion  bacomo  suparsonic  rala- 
tiva  to  tha  surrounding  atmosphara  and  radiata  noisa  as 
miniatura  ‘sonic  booms*.  It  is  not  aasy  to  distinguish  this 
radiation  from  jat  mixing  noisa  and  thaory^  suggasts  that  It 
can  ba  normalisad  using  tha  sama  paramatars  as  tha 
mixing  noisa.  Howavor  thasa  conditions  ara  significantly  in 
axcass  of  tha  ganaraKy  availabla  data  basa  for  jot  mixing 
noisa^  arfd  thus  tha  prodiction  of  axisting  and  futura 
anginas  at  axtroma  conditions  may  ba  subjact  to  arror. 

Tha  jat  mixing  noisa  associatsd  with  high-bypass- 
ratio  anginas  bahavas  in  a  simHar  mannar^  ^  but  is  com- 
plicatsd  by  tha  two  ooncantric  axhaust  strsams  which 
aarodynamically  intaract  to  modify  tha  noisa  sourca 
rsgions.  With  thasa  anginas  tha  noisa  is  ganarally 
dominatsd  by  tha  ooro  jat  flow  avan  eftar  allowing  for  tha 
blankating  offset  of  tha  bwar  valocity  bypass  flow.  Quiatar 
axhaust  systams  hava  boon  davalopad  for  thasa  high- 
bypass-ratio  anginas  which  forcaably  mix  tha  two  flows 
insida  tha  angina  and  If  oorractly  dasignad,  this  rasults  In 
roducod  jat  noisa  togathar  with  improvad  parformanca.  A 
furthor  advantago  is  that  a  graatar  araa,  in  a  banign 
anvfronmant,  is  availabla  for  fitting  noisa  absorbant  Nnings 
to  rsduca  intamally  ganaratad  noisa. 

Finally,  sines  tha  jat  mixing  noisa  is  a  function  of  tha 
shaar  gradiant,  its  sourca  strsngth  wiN  raduca  with  incraas- 
ing  flight  spaad^  ^  oftan  sxposing  tha  othar  sourcas. 

For  singla-straam  and  low-bypass-ratio  anginas  othar 
than  by  tha  raduction  of  valocity,  supprastion  with  low 
thrust  lossas  is  ganarally  difficull  sinca  tha  actual  sourca 


noisa  ragion  is  axtarnal  to  tha  angina  and  axtands  lor  many 
nozzla  diamatars  downstrsam. 

3.2  Shock  noisa 

Shock  calls  ara  formad  in  tha  angina  axhaust  whan 
tha  jat  is  undsr-axpanded,  that  is  whan  tha  axhaust  flow 
bacomas  suparsonic  rolativa  to  tha  local  conditions.  For 
axhaust  systems  littsd  with  convargant  nozzias  this 
occurs  whan  tha  axhaust  prassura  ratio  axcaads  tha 
critical  prassura  ratio  of  around  1 .9.  Thasa  calls  produce 
two  diffarant  forms  of  acoustic  radiation,  shock  call 
saaach  and  shock  associated  noise. 

Shock  call  screech  is  ganaratad  by  tha  oscillation  of 
tha  train  of  shock  calls  due  to  posKiva  acoustic  feedback 
around  tha  jat^^.  Although  axhbitad  strongly  by  modal  jets 
as  intense  tones,  aspaciaily  whan  cold,  this  mechanism  is 
not  so  dominant  wKh  tha  turbulent  hot  flow  from  real 
anginas.  Up  to  now,  screech  has  only  really  been  of 
concern  to  tha  stmctural  engineer  sinca  tha  nacassaty 
prassura  ratios  hava  usually  baan  achiavad  at  high  flight 
Mach  numbers.  However  futura  combat  aircraft  will  ba 
littsd  with  anginas  having  exhaust  prassura  ratios 
significantly  above  choking  at  take-off. 

Shock  associated  noisa  is  tha  open  loop  aquivalani  of 
scraach  whereby  broadband  noisa  is  ganaratad  by  spatially 
coherent  turbulence  in  tha  jat  producing  pressure  pulsas  as 
it  passes  though  tha  quasi-pariodic  shock  call  structure^  3. 
It  is  dependant  on  pressure  ratio  and  not  valocity  as  can  ba 
seen  from  Fig  6  which  shows  tha  variation  of  noise  intensity 
with  a  Mach  number  function. 

Reductions  in  both  shock  noisa  sourcas  can  ba  bast 
achieved  by  using  a  matched  convargant-divargant  nozzle 
to  correctly  expand  tha  axhaust  gases  and  prevent  forma¬ 
tion  of  tha  shock  call  train.  Tha  level  of  tha  jat  mixing  noisa 
In  tha  figure  has  baan  achiavad  by  this  means.  Complala 
elimination  is  unlikely  with  full-scale  anginas,  avan  with  an 
activa  variable  nozzla  system,  sinca  tha  mechanical 
difficultias  make  it  virtually  impossible  to  achiava  parfactly 
expanded  flow  over  a  wide  range  of  prassura  ratios. 
However  useful  reductions  may  ba  possibla  and  although 
thasa  nozzias  ara  heavy  and  oomplicatad  by  tha 
raquiramant  for  area  variability  for  reheat,  they  offer 
potential  improvements  in  parformanca. 

Othar  tachniquas  found  useful  at  modal  scale  to 
raduca  shock  call  scraach,  such  as  breaking  up  tha 
stnjctura  by  tha  insertion  of  lingers  or  nagativa  feedback 
have  not  baan  successfully  amployad  on  real  anginas. 

Flight  has  IHtla  direct  affect  on  the  source  strength^  ^ 
although  as  tha  flight  spaed  Increases,  more  of  tha  noisa 
radiates  forward  of  the  aircraft  by  a  phenomenon  known  as 
convactiva  or  Doppler  amplification.  AH  sourcas  In  motion 
undergo  this  process  but  It  tends  to  ba  more  idamiflad  with 
sourcas.  as  here,  which  are  directly  linked  with  tha  motion 
of  tha  aircraft. 
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3.3  Turb«machlnwy  nolM 

Thi*  ia  ganaratad  by  tha  retating  and  atatic  aarefmia 
or  bladaa  wMiin  tha  angina  which  fomi  tha  fan,  oompraaaor 
and  turbina^^-  by  thraa quila  aaparata  noita 
machaniama. 

Oaaling  firat  with  tha  random  or  broadband  noiaa,  tha 
individual  bladaa  produca  thia  noiaa  threugh  random  Nfl 
lluctuationa  on  thair  aurfacaa  cautad  both  by  upstraam 
turbulanca  producing  variations  in  blada  incidanca  and  by 
random  vortaa  ahadding  at  tha  blada  trailing  adga.  This 
lattar  machaniam  is  laaa  powarful  and  ia  obaarvad  in  fana 
having  no  guida  vanaa  or  aupporta  upstraam  of  tha  rotating 
ataga. 

Discrala  or  lona  noiaa  ia  producad  by  cyclic  lift 
ftuciuations  on  tha  bladas  causad  by  tha  bladaa  of  ona  row 
ntaracting  with  tha  wakaa  and  potantlal  flow  fialda  of  tha 
adjacani  rows.  Oialortion  in  tha  fan  intat  flow  will  also  giva 
riaa  to  tons  noisa.  Tha  tons  lavals  can  ba  raducad  by 
incraasad  spocings  batwaan  tha  stagas,  atiait  at  tha 
axpansa  of  incraasad  langth  and  hanca  angina  waight. 

Also  by  tha  judicious  choica  of  blada  and  vana  numbars.  It 
is  possUa  to  pravant  tha  propagation  of  soma  tons 
fraquandaa  by  a  machaniam  tarmad  ‘cutofT. 

With  fatw  having  suparsonic  tb  spaads  an  additional 
tourca  buzz-saw  noisa  is  avidant^^,  arising  from  dWar- 
ancaa  In  tha  shocfc  wavaa  on  tha  individual  bladaa  but  by 
earsful  matching  of  bladas  this  sourca  can  ba  raducad. 

Thus  on  dvil  high-bypass  ratio  anginas  turbo- 
mschinary  sourcaa  ara  of  major  importanca  but  by  good 
dasign  H  is  poasMa  to  radues  tha  lavals  of  turbomachinary 
noita  and  bacausa  all  tha  sourest  Ha  within  tha  angina  tha 
axtsmalfy  propagating  noita  can  ba  furthar  raducad  by  tha 
fitting  of  acoustic  Hningt.  Howavar  with  combat  aircraft  tha 
tmaKar  fan  tiza  and  buriad  installation  maartt  that  thasa 
tourcas  should  not  ba  a  major  problam. 

3.4  Combustion  noiaa 

This  noisa  la  ganaratad  both  diractly  and  indiractfy  by 
tha  combustion  proeassat**,  diractly  at  local  prassura 
fluctuations  In  tha  burning  zona  and  also  Mlracliy  from  tha 
downttrsam  turbomachinary  as  a  oonsaquanea  of  fhiclua- 
tiona,  both  tsmparatura  and  prassura,  Irwidani  upon  It. 
Thaaa  maehanitms  should  not  bo  a  problam  with  high- 
spadfio-thrust  anginas,  svsn  though  thay  ara  prasant  in 
tha  rahaat  procast,  as  thair  magnSudas  ara  oontidsrably 
lata  than  tha  noiaa  of  tha  jot  axhausl.  With  tha  larger 
bypass-ratio  dvil  anginas,  tha  noisa  is  datodabla  undar 
cartain  oonditiont  but  tha  lavals  ara  suffidantly  low  as  not 
to  causa  concam. 

3.5  Airframa  noisa 

Although  airframa  noisa  la  not  an  angina  aouroa  It  la  a 
potantiaHy  important  machaniam.  It  is  a  ganaral  tarm  and 


oovors  tha  noisa  ganaratad  by  tha  airframa  and  daployad 
structuro,  such  as  tha  landing  gsar  and  flaps,  which 
gonarata  axtra  turbulanca^^.  For  daan  aitframss  tha 
machanisffla  ara  boHovad  to  bo  principally  dua  to  trailing 
adga  noisa,  that  is  noisa  causad  by  tha  convadion  of  wing 
turbulant  boundary  layara  past  tha  wing  trailing  adga. 
Although  significant  raductions  can  ba  achiavsd  by 
daaning  up  tha  airflow  around  tha  daployad  structursa,  as 
canbajudgsdfiomFqT,  littlacanbadona  about  tha 
undatfying  machanisms  which  ara  a  fundion  of  tha  aircraft 
sizo.  This  noisa  is  nd  Nkaly  to  ba  a  problam  with  combat 
aircraft  in  airfiald  oparations  dua  to  thair  low  spasd  and 
smali  physical  sizo,  but  it  will  contributa  to  thair  signatura  in 
high-spaad  low-altiluda  oparations  aspadally  whan  littad 
wMi  oxtamal  storsa  and  munitions. 

At  voty  low  afllludas  and  high  spaads,  tha  noisa  can 
also  ba  fob  as  tha  lift  prassura  pulsa  dua  to  tha  aircraft 
prasanca  paasas.  This  rssuRs  in  sub-audibla  prassura 
fluctuations^  as  shown  in  Fig  8. 

3.8  Abaorpthra  traatmanta 

Tha  advant  of  the  high-bypass-ratio  promptad  tha 
widaspraad  usa  absorptiva  traatmants^^  bacausa  of  tha 
incraasad  magniluda  of  noiaa  sourcaa,  within  tha  angina 
and  tha  graatsr  araa,  avallabla  for  trsatmant.  Two  basic 
machaniama  ara  axploitad  In  thair  usa.  Raadiva  alfadS 
wharaby  tha  Inddam  wava  la  caneallad  locally  by  tha 
rafladad  wava  and  Is  highly  fraquancy  dspandant.  And 
raaMva  affsets,  which  ara  broadar  band  in  thair  rasponsa, 
causad  by  tha  instanlanaous  motion  of  tha  air  through  tha 
mslorial  dissipating  tha  sound  anorgy  as  hast.  Inpradioa 
combinations  of  thaaa  two  approachas  ara  usad  and  ara 
targattad  at  particular  preblom  sourcaa.  By  thair  judicious 
usa  raductions  of  up  to  10  dB  In  tha  radlalad  Intsmai  noisa 
can  ba  achlavad. 

3.7  Inatallatlon  off  seta 

Tha  Irwtaflatlon  of  an  angina  into  an  airframa  can 
causa  substantial  changas  in  tha  spparant  bahaviour  of  tha 
angina  sourcaa^.  Four  lundamsntafly  diffarant  typas  of 
mechanism  can  ba  prasant.  Tha  thraa  that  can  ba 
obsarvad  statically^,  that  ia  without  forward  motion,  ara 
iHustratad  lor  an  undar-wing  installation  in  Fig  8.  Rrstan 
acoustic  intaraction  which  in  its  simplest  form  Is  reflodion 
from  tha  adjacent  aircraft  strudurs  such  as  tha  undsr- 
surfaea  of  a  wing  but  R  can  also  occur  as  scattering  of  tha 
aooustio  wava  by  an  adga.  This  la  particularfy  appMcabla 
srith  oompad  highly  ciraclional  sources  such  as  internal 
noiaa.  Saeondly  noisa  can  ba  ganaratad  by  tha  prasanca 
of  a  surface  doM  to  but  nr)l  adually  in  tha  jet  flow.  This  Is 
bacausa  tha  surface  in  the  naar-fleld  inhibRs  tha  nonnal 
eanoatatlon  procassas  that  occur  whan  tha  sound 
propagates  into  tha  far-fiald.  Thirdly,  noisa  wiH  ba 
ganaratad  by  tha  jst  I H  Impingas  upon  a  surface  such  as 
tha  wing-flaps. 
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rnaBy  th«  now*  from  a  jat  win  b*  incraaaad  in  fight 
•  diM  to  flight  stroam  turtxjianca  antarira  tha  jat.  Fig  10 
■howa  tha  raaulta  frem  rasaaich  taata^  on  a  modal  of  a 
mililary  trainar  aircraft  oparatad  both  statically,  that  is  with 
no  forward  motion,  and  M  a  modast  simulatad  fight  spaad. 
Statically  tha  aflacts  for  tha  prasanca  of  tha  modal  ara 
tmal  but  In  flight  substantial  incraasas  ara  obsarvad  at 
larga  anglas  from  tha  jat  axis'whila  in  tha  raar  arc  tha  ful 
flight  raductkm  for  daan  jats  Is  almost  achiavad.  This 
forward  arc  incramant  is  likaly  to  incraasa  with  flight  spaad 
and  thus  baooma  significant  with  combat  airaaft  oparating 
at  high  subsonic  flight  spaads. 

4  PROSPECTS 

Sines  Ihs  spactrum  of  military  aircraft  typas  and  thair 
asaodatad  missions  ara  oonsidarably  mora  divarsa  than 
ttialr  civil  oountarparts.  K  is  bast  to  eonskfar  tha  paaca- 
tima  noiaa  problam  undar  four  main  haadings,  first  support 
aircraft,  saoond  combat  aircraft  in  tha  airfiald  anvironmant, 
third  combat  airaaft  training  at  low-laval  and  finally  apadal 
catagory  airaaft. 

4,1  Support  aircraft 

In  gansral  tha  raquiramants  of  support  airaaft  such 
as  tankars,  AWACs,  cargo,  ate  mirror  thair  civil  countar* 
parts.  Tha  technology  improvamanis  mads  in  tha  civil 
saetor  la  raducs  fual  consumption,  lifa>cycla  costa, 
amissions  (smoka)  and  imptovs  rakability  ara  all  faaturas 
that  ara  of  knportanca  to  tha  military  oparators.  In  addition 
thasa  improvamants  hava  gona  hand  in  hand  with  noisa 
raductions  brought  about  by  the  lagal  rapukomants  to  maai 
Intsmationai  noisa  ragulati^s^'^.  Thus  avakabla  in 
todays  msrkaf  place  ara  anginas  having  al  tha  nacassary 
altrfoutss  for  military  use  without  tha  naad  to  provida 
significani  davatapmant  funding. 

Apart  from  tha  capital  aspandituro.  which  could  ba 
offset  In  soma  maasura  by  rsducad  fuel  and  lifa<ycla 
costs,  in  principla  there  is  no  technical  reason  why  tha 
noisa  of  support  airaaft  shouid  not  ba  significantly 
taducad.  In  soma  notabia  cases  this  has  akaady  bean 
dona  and  probably  tha  beat  axsmpla  isthaUSAF 
ra  engining  of  tha  Boeing  KC*13S  tankars^^,  where  tha 
fitting  of  C^-M  turbo-fan  anginas  hu  reduced  tha  noisa 
by  17  EPNdB  (a  footprim  reduction  of  M%)  and  produced 
an  akcrafi  with  incraasad  range  and  no  smoka.  Other 
axamplas  ara  tha  use,  by  tha  USAF  and  RAF,  of  modifiad 
civU  airlinars  as  tankars  and  general  transports. 

A  poasMa  cheaper  allamativa  to  ra-angining,  is  tha 
fitting  of  *hush  kits*  to  existing  powarplants^^.  Tha  situa¬ 
tion  is  complax  with  a  variety  of  manufactures  making 
claims  for  thair  particular  schema;  few  hava  yet  bean  lli^ 
tasted  for  noisa  and  parformanca.  Tha  latest  designs, 
which  ulllisa  modifiad  intakes,  Knad  bypau  ducts  and 
Mamol  mixers  (or  in  soma  cases  variabia  gaomatry),  ara 
said  to  offer  tha  ability  to  achieve  tha  latest  certification 
levalB.  WNh  cMI  oparators  facing  even  mora  stringani 


noisa  standards  in  the  form  of  local  airport  rulaa’,  tha 
ability  to  ju.<it  meat  tha  certification  levels  may  not  ba 
suffidanL  Tha  choica,  by  both  civil  and  military  alko,  has 
than  to  ba  made  on  whathar  to  liush  kk*  an  old  angina  or  to 
buy,  at  grsatar  axpansa,  a  mora  modem  angina  with  aU  tha 
extra  banalita  including  tha  flexibility  to  operate  into  noisa 
sansitiva  airports.  In  the  limitad  military  instances  to-data, 
tha  pressure  to  reduce  Hfa-cyda  costs  and  significantly 
improve  parformanca  has  favoured  ra-angining  rather  than 
fitting  hush-kits. 

Ekhar  way  the  application  of  readily  avakabla  dvil 
technology  can  hava  a  banafidal  affect  on  tha  noisa  of 
support  akaafl  without  any  datrimant  In  performance. 

4.2  Combat  aircraft  In  airfield  anvironmant 

Of  tha  various  noise  sources  existing  within  tha 
angina  of  a  combat  airaaft,  it  is  avkfant  that  ki  tha  airfiald 
anvkonmant  jat  and  shock  noise  ara  by  far  tha  most 
dominant  sources  in  terms  of  laval  and  probably  causa  tha 
moat  oomplaints  from  tha  public.  Unfortunately  they  are 
also  tha  most  difflcull  group  of  sources  to  skarKa  even 
though  tha  problom  has  baan  studied  tor  many  years. 

A  cfosaly  parallel  problam  to  oombot  aircraft  noise 
was  tha  Concordat  with  similar  exhaust  condkiona,  where 
in  spita  of  an  axtansiva  research  programma  no  aimpio 
univarsaf  akancar  was  found.  Spade  skanoars  davalopad 
on  static  ground  rigs  and  anginas  wars  found  to  ba 
inaffactiva  in  flight  and  diacardad.  Tha  important  lesson 
that  was  learnt  was  that  sllancar  davatopmant  must  ba 
carried  out  under  raprasamativa  condkions,  that  la,  the 
angina  axhaust  condkions,  flight  spaads  and  gaomatrias 
must  ba  accurately  simulatad. 

On  tha  production  anginas  squeezing  of  tha  jat  during 
taka-off  gave  about  3  dB  attenuation  lor  a  ralativaly  low 
thnrst  loss  but  this  was  rastrictod  to  a  smaN  azimuthal 
angle  to  the  skfa  of  tha  airaaft.  Tha  most  successful 
silencing  technique  amployad  during  flyover  and  approach 
was  a  modification  of  the  angina  control  systam  enabling 
tha  final  nozzle  to  ba  aniatgad  thus  passing  mors  mass  flow 
and  reducing  tha  jat  velocity  lor  a  given  thrust.  Tha  extant 
to  which  this  latter  tschniqua  can  ba  ganarally  appkad 
depends  on  tha  characteristics  of  tha  particular  angina 
involvad  but  could  offer  benefits  with  minimal  hardware 
changsa.  Howavar  none  of  these  tachnlquaa  anablad 
Concha  noise  to  ba  suffidantly  raduoad  to  tha  subaonlc 
caniflcation  lavalt. 

For  tha  next  and  future  gansrations  of  supar-sonio 
transports  (SSTs)  mealing  tha  noisa  certification  targets  is 
one  of  the  most  akical  questions  that  must  ba  answered. 
On-going  research  has  produced  several  new  Maas  and 
dsvale^ants  of  existing  Ischniquas  such  as  ^porous 
plugs*",  Invartad  prefila  jats*^,  thermal  aeoustie 
shielding',  tnuki-luba*  and 'ajactor*  silanears.  . 


White  with  tom*  tchtmM  lh«  principte  raductions  ai* 
in  thocii  noiaa,  othar  schamaa,  tuch  as  mixars  with 
downstraam  Nnad  ajactors^^  raduca  both  jot  mixing  and 
shock  noita  and  thus  offar  significant  potsntial  for 
commacctai  SSTs  applications.  A  simplifiad  axampia  is 
illustratad  in  Fig  11. 

An  ICAO  raviow^  earrted  out  in  tha  aarty  1980s,  of 
tha  than  avaiiabte  noisa  tachnology  for  futura  suparsonic 
transports,  suggastod  that  tha  latast  tachnology  could 
offar  noisa  raductions  of  about  IS  dB  with  an  axchanga  rata 
of  3  dB  par  2%  of  grosa  thrust  but  with  an  incraasa  in  aX-up 
woight,  saa  Fig  12.  With  al  such  schamaa  a  maasura  of 
variabte  gaomatry  is  vitai  in  tha  dasign  to  parmit  tha 
sitencar  to  ba  stowad  for  suparsonic  cruisa  and  thus 
minimisa  cruisa  thmat  tessaa.  Howavar  for  combat  aircraft, 
tha  thrust  loss,  waight  and  machanical  oomplaxity  ara  likaly 
to  bo  unaocaptabte. 

Mora  racant  worfc^  is  focussing  on  tha  usa  of 
variabte  eycia  anginas  which  anabte  grosa  changaa  in  dta 
angina  cyda  and  gaomatry  to  ba  achiavad.  This  form  of 
sngina,  with  liltte  or  no  axtra  silancing,  might  than  maat  tha 
divarsa  targats  of  low  airport  noisa  and  good  suparsonic 
cruisa  parf^anea.  This  approach  is  aguivalartt  to  having 
tha  banafits  of  a  high-faypaas^io  artgina  in  tha  airfiaid 
anvironmant  and  a  hlgh-spadf ic  thrust  mods  for  suparsonic 
oparation. 

Tha  usa  of  such  angirtaa  toroommareial  SSTs  is 
dictatad  by  tha  naad  to  maat  spaedic  noisa  tevaia  and  as  a 
rasukeompremisaainairortetparformarwoaramada.  For 
military  applications  thaaa  oompromisas  may  not  ba 
aoosptabte  and  unless  tha  anginas  offar  significant 
advantages  alsawhara,  tha  massiva  allocation  in  both 
money  artd  manpower  is  unikaly  to  ba  committad  on  military 
noisa  grounds  aiona. 

One  option  that  has  bean  oonsidarad  is  tha  'tet  on* 
sitencar  for  paaoa-tima  usa  but  like  ail  sdancars  M  must 
offar  a  batter  axchanga  rata  of  noisa  for  thrust  than  tha 
simpla  sxpadiant  of  throttling  back. 

As  wal  as  direct  reduction  in  source  noisa  through 
angina  dasign,  improvamants  in  airframa  parfownanca 
through  incraasad  HftAfrag  ratioa  do  offar  advantages. 

During  taka-off,  tha  axtra  lift  for  a  given  drag  and  hanca 
angina  thrust  wll  result  in  tha  akaafl  climbing  more  staapiy 
and  hanoe  reducing  its  notes  impact  on  tha  ground.  An 
aHamativo  would  ba  to  usa  lass  thrust  reducing  tha  source 
noisa  white  stilt  maintaining  tha  same  flight  proftte. 

Thus,  for  tha  near  term  futura,  incraasad  specific 
thrusts  maan  more  source  noisa  with  Idtla  hope  for 
subatantlai  silandng.  However  tha  improved  airfield 
parformanca  with  new  designs  wiN  maan  that  tha  noisa 
Impact  on  tha  community  should  not  Incraasa.  Longer  term 
prospects  may  ba  more  favourabte  with  tha  poaslbte  usa  of 
variabte  cycte  anginaa. 


4.3  Combat  aircraft  oparatlng  at  low-lavai 

in  source  noisa  terms,  tha  noisa  from  combat  aircraft 
operating  at  losr-altituda  and  at  high  subsonic  speeds  is 
complicatad  by  tha  high  flight  speeds.  Virtually  all  lha 
knowtedga  that  has  bean  acquirsd  over  tha  last  30  years 
has  bean  oonesmad  with  dvii  operations  around  airports 
and  hanca  flight  tpaads  have  bean  limitad  to  0.3  Mach.  At 
higher  spsads,  around  0.7  Mach,  typical  of  training 
missions,  the  sourcss  of  noisa  involvad  ara  known  but  not 
which  ones  ara  dominant  Ffg  13  illustrates  tha  scale  of  the 
profafam  and  tha  cunant  state  of  our  understanding  based 
upon  tha  simpla  axtrapolalion  of  existing  data.  Soma  of 
these  sources  may  ba  amanabte  to  traatmant  but  it 
crlbeafly  depends  on  which  ara  dominant. 

Schamaa  for  rsdudng  jot  and  shock  noisa  such  as 
ajactor  mixsrs,  which  appear  altractiva  at  tha  tower 
spsads,  may  not  ba  suitabte  for  these  higher  spaed 
operations.  Indaadiromactosaraxaminationof  Fig  12, 
showing  tha  ICAO  findings  for  SSTs,  it  can  ba  seen  that  tha 
data  for  a  Mach  numbar  of  0.4  suggests  substantialhf 
poorw’ parformanca.  It  is  tha  avaiiabte  net  thnist  from  tha 
anginti  that  prepais  tha  aircratt,  thus  tosas  in  gross  thrust 
baoomo  mors  criticai  with  incroasing  aircraft  velocity. 
Howavar  othar  schamaa  such  as  incroasing  nozzle  area 
could  ba  bonaficiai  but  only  to  a  Xmltad  extant  and  than 
depending  upon  which  sourcaa  dominate. 

Batora  ausn  a  start  can  ba  made  on  assaaaing  what 
noisa  raduetton  mathods  may  ba  possibla.  the  breakdown 
of  tha  sourcaa  needs  to  ba  known  and  tliair  characteristics 
understood  by  means  dadicatad  flight  tests,  tothai^ 
there  have  bean  rotetivsfy  few  known  fUght  tasts^'^* 
invaatigaling  miMaty  noisa  and  in  tha  main  these  have  bean 
aknad  at  providing  infomtatton  for  noisa  zoning  and 
community  rosponsas.  This  form  of  InfonnMton  Is 
inadaquata  to  Identify  tha  sources  as  carafuNy  structured 
and  oomroited  flight  tests  ara  raquirad. 

Thus  tha  first  prtority  is  for  a  sartes  of  dadicatad  flight 
taste  to  provida  tha  nacassary  Informstion.  Judgamants 
can  ba  than  ba  mads  aa  to  future  research  programmes 
aimed  at  Invastigating  potantial  silencing  methods  and 
lachniquas.  Within  tha  constraints  Imposad  by  lack  of 
data,  eailaln  eoneiustons  can  ba  drawn  ragarding  tow- 
aMtuda  training.  K  is  Ikaly  that  reductions  In  akcrafl  drag, 
brought  about  by  reducing  axtamal  stores,  wil  snabte  tha 
angina  to  opsrate  at  a  lower  power  and  hanca  raduca  noisa. 
tests  ara  naadad  to  confinn  tha  magnitudas.  Operating  at 
higher  altitudas  reduces  tha  noisa  on  tha  giound,  by  about 
6  dB  par  doubling  of  distanoo  and  is  also  iksiy  to  raduca 
startte.  Howavar  due  to  propagation  affects  tha  tevato  to 
tha  side  of  tha  flight  path  can  incraasa  slightly.  WKh  our 
currant  state  of  knowterfga  It  is  diflicull  to  foracast  trends 
bi/t  N  seams  that  both  tachnotogicai  and  operational  means 
wM  need  to  ba  found  to  reduce  tha  noisa  knpacL 


4.4  SpMlal  eatagory 

Wlhin  ttM  miMaiy  invantoriat  ara  aifcnA  dacignad  for 
vaty  apaeific  lolaa  or  funciioria  and  thaaa  hava  thair  own 
uniqua  aoouatic  charactariatica. 

Ona  auch  dasa  tA  aiicrait  ara  thoaa  daaignad  for  fow 
datactaMity.  Tha  maaauraa  amptoyad  to  raduca  obaarv- 
abiKly,  that  ia  by  amptoylng  buriad,  non-rahaalad  anginaa 
with  a  mexad  oe^  f bw  axhauating  through  atat  nozzlaa'^, 
ara  all  oonduciva  to  a  tow  nolaa  aigttaiura  and  hanca 
raduead  noiaa  impact  on  tha  oomtnunily.  Although  thay 
might  at  firat  glanoa  aaam  to  hava  aolvad  tha  noiaa 
probtam,  tha  oompromisa  that  haa  had  to  bo  mada  wM  hava 
raduoad  thair  ganaral  parformanoa  making  tham  auitabla 
only  tor  apadaiiaad  miaaiona. 

Combat  akcrall  that  hava  tha  eapabiiily  of  varttoal 
taka-olf  and  landing  (VTOL)  auch  at  tha  Harriardo  hava  a 
tarioua  noiaa  preblam.  Thia  atama  horn  tha  uaa  ol  a 
rolalivaly  high  tpacriie  thruat  angina  to  provida  diract  NIL 
Latar  ganarattona  may  aimply  raiy  on  toeraaaing  tha  thniat 
by  rohaaling  tharaby  axaearbating  tha  preblam  or  adoot 
akamaliva  more  banign  oonoapla  such  aa  aiacior  INt^. 
Studlaa  ol  thaaa  lutura  daaigna  hava  takan  noiaa  aa  a 
prima  laetor  bacauaa  ol  tha  preblam  ol  atnKtural  ladgua 
and  to  a  laaaar  axtant  tha  ground  craw  anvironmant 
Fortunataly,  lor  tha  oommunity,  thair  abikly  to  takatoll  and 
land  vartietoly  doat  maan  that  tha  noiaa  can  ba  oonfinad 
wkhin  tha  aMaid/oparationa  boundary.  Howavarbw- 
aMuda  training  miaaiona  ara  Hkaly  to  ramain  a  prebtoffl. 

S  RECOMMENDATIONS  AND  COMMENTS 

Tha  totowing  raoommandationt  ware  auggattad  in  tha 
Final  Rapoit  on  AirerNi  Noiaa  to  tha  NATOCCMS^  lor 
radueing  at  touroa  tha  noiaa  cauaad  by  Ibrad  wing  military 
akoralt. 

(i)  Tha  oonoapi  ol  ’datign  for  noiaa*  mutt  ba  boor- 
poratad  into  tha  datign  arto  davatopmant  proeaaa  tor  alt 
future  angina  and  akoralt  typat. 

Although  ancompaaaing  aH  typaa  ol  akerall  and 
angina,  thia  raoommandatton  it  primarily  oeneamad  wWi 
oombal  aircraft  and  ptopoaaa  that  apadfie  noiaa 
raquiramanta  ahould  form  part  of  tha  gartaral  tpadficatton 
of  any  future  projact. 

It  it  not  imandad  that  combat  affidancy  ahould  ba 
oompromiaad  but  that  noiaa  at  tha  vary  laaat  ahould  bo 
takan  inlo  aooount  For  axampla,  futura  angina  projacta 
oouid  ba  biaaad  towarda  tha  largaat  poaaiUa  bypaaa  ratio 
that  wiN  achiavo  tha  raquirod  rola  and  not  oompremiaa 
parformanoa.  Evan  tha  quita  amall  rodudiona  oblainad  in 
axhauat  oondNiona  can  moan  aigniflcant  changaa  in  noiaa 
txpoaura  and  in  tha  araat  affadod  by  a  givan  noiaa 
contour. 


(N)  Wharavar  practical  dvil  noiaa  tachnotogy  ahould  ba 
appNad  to  fixod  wing  mNitaiy  aircraft  whora  high  apaad 
andtor  manoauvrabNily  ia  not  a  critical  parformanoa 
raquiramanL 

R  ia  oonaidarad  that  thia  ahould  induda  aN  aupport 
rob  aircraft  tor  axampio  tranaporta,  trainora,  tankara  and 
AWACa.  Significant  rodudiona  in  noiaa  lavala  and 
community  axpoaura  hava  and  ahould  ba  achiavad 
togathar  wRh  tha  potantial  for  imprbvad  partormanca. 

(m)  Expand  fundamantal  noiaa  raaaarch  for  bw- 
aRRurta/high-apaad  flight. 

Sinea  high  axhauat  vatodliaa  ara  inharani  wRh  high- 
apadHoHhnjat  anginaa  thare  aaama  IHtb  hopa  for  a  aatia- 
faetaty  malhod  ol  producing  aubatantial  noiaa  raductiona  to 
tha  toraaaaabla  future.  Tha  axhauat  conditbna  and  flight 
apaada  are  ganarally  outaida  tha  data  on  which  tha  praaant 
undaratandinga  ara  baaad  and  furthar  atudiaa  may  produca 
naw  inaighia  anabibg  potantial  ailancing  tachniquaa  to  ba 
davatopad. 

(iv)  Puraua  tha  acquiaition  of  a  comprahanaiva  data  baaa 
on  aircralt  noiaa  aourcaa  asaodatad  with  high-aubaonb 
flight  apaada  and  tha  davatopmant  ol  a  oonoomRanl 

PewQicdoei  fiiwinoooto^y » 

Aocurata  prodidbn  and  undaratanding  of  tha  noiaa 
aourcaa  of  future  anginaa  ia  limitad  by  tha  axtant  of  tha 
praaant  data  baaaa.  No  raal  raaaarch  btormatbn  la 
avadabla  for  aourca  barrtiticatbn  of  aircraft  oparating  at 
high-aubaonb  apaada.  Until  thia  ia  availabla,  raaaarch 
cannot  ba  toctjaaad  on  radudng  tha  dombant 
machaniama. 

(v)  Undartaka  bvoatigattona  to  battar  optimlaa  aircraft 
daaign  trada-olfa,  (including  variabla  cyda  angba 
oonoapla)  to  raduca  noiaa  aasociatad  with  part-powar 
oparalion  of  high-parformatrca  aircralt  without  aacrffblng 
oparational  capability. 

Thaaa  atudiaa  rapraaant  a  aignWbant  oommitmant  b 
tarma  of  raaourcaa  and  axpanditura,  thua  balora  thay  can 
ba  raaliatbally  atartad  thay  naad  tha  outcoma  from  tha 
raaaarch  programmaa  atmad  at  Idantilybg  tha  dominant 
aourcaa  and  thak  charactariatica. 

(vi)  Aaaaaa  tha  potantial  of  partorming  qubtar  trabbg 
mbatona.  partbubrly  for  bw-altitudo  flight  condHbna,  by 
radudng  aircralt  waight  and  drag  (and  tharatora  thruat)  by 
allminatfngrraducing  axtarnal  atoraa. 

Akhough  thia  raoommandation  bordara  on  tha 
oparational  aapacta,  R  navarthalaaa  rapraaanta  a 
potantially  timpb  and  affactiva  tachniqua  lor  radudng  tha 
aourca  noba  whib  atill  mabtabing  tha  flight  anvatopa. 
Hoaravar  tha  ramoval  of  atoraa  will  bvalbata  tha  miNtaryb 
raqukafflant  to  train  with  tha  tama  aircraft  configuratbn  aa 
b  a  war  aoanarb. 
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«.0  CONCLUSIONS 

A  stait  haa  bMn  mad*  on  ttw  rtducilon  ol  rnilKary  aircnfl 
nda*  with  th*  Intamalional  raoognition  that  tti*ra  i«  a 
probiwn.  HooMvar  to  raduca  th*  impact  on  tha  oommunily 
naad*  a  posiliv*  commiimant  by  tha  militaiy  to  considar 
noia*  in  all  aspacta  of  ita  activiliaa,  from  tha  initial  daaign 
atudia*  for  now  anginaa/aireraft  right  through  to  thair 
oparatior 4  ua*.  Aa  can  b*  aaan  from  Fig  1 4,  tachnology  ia 
availabi*  and  baing  appliad  for  soma  claaa**  of  aircraft. 
Unfortunataly  th*  parformanca  raquiramant  and  misaion 
flaxfolllly  o(  combat  aiicrafl  invalidataa  tha  application  of 
axiating  tachnology  and  in  today*  political  dimata  if 
auitabi*  tachnology  cannot  b*  davatopad  than  aparatnnal 
oonatraint*  may  atall  ba  adoplad. 
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Fig  2  Nolso  trends  with  bypass  ratio 


Effective  Perceived  Noise  Level,  EPNdB  -  1000  ft.  Takeoff  power 
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Discussion 


QUESTION  BT:  F.R.  Groache,  DLR  Gbtcingen,  Germany 

You  showed  an  exaaq>Ie  for  increased  Jec  noise  radiation  due 
to  flow  over  the  tail  structure  in  front  of  (upstream  of)  the 
nozzle  exit.  Can  you  give  a  physical  explanation  for  this 
installation  effect? 

AUTHOR'S  RESPONSE: 

The  potential  mechanisms  have  been  suggested  for  this 
phenomena.  First,  that  the  presence  of  the  fuselage/cuff 
inhibits  the  flight-effect  on  the  Jet  by  providing  a  region 
of  low  velocity  near  the  initial  part  of  the  Jet  development 
and  secondly,  that  extra  turbulence,  shed  from  the  upstream 
structure,  entering  the  mixing  region  of  the  Jet  causes  a 
general  increase  in  the  Jet  noise. 

QUESTION  BY:  D.J.  Way,  DRA,  Aerospace  Division  Pyestock,  UK 

Startle  arising  from  the  rapid  onset  of  the  noise,  appears  a 
major  factor  of  annoyance  for  low-level  training.  This  would 
remain  a  significant  problem,  even  if  the  peak  noise  levels 
are  reduced  significantly.  This  makes  the  Job  of  reducing 
combat  aircraft  overall  noise  subjectively  at  the  source  even 
more  difficult.  Would  the  author  like  to  comment? 

AUTHOR'S  RESPONSE: 

I  agree  the  onset  rate  of  the  noise  will  strongly  Influence 
the  degree  of  annoyance  and  to  this  end  we  are  actively 
considering  ways  of  modifyii%g  the  aircraft  noise  signature  to 
reduce  the  onset  rate  as  a  means  of  reducing  the  annoyance. 
But  I  believe  the  whole  problem  of  annoyance  is  even  more 
complex:  first  the  absolute  peak  noise  level  in  subjective 
units  such  as  dBA,  second  the  onset  rate  perhaps  in  a  manner 
described  in  paper  A  and  finally  ”trua  startle”  which  can  be 
achieved  even  silently. 

QUESTION  BT;  H. ,  TOnskOtter,  lABG,  Ottobrunn,  Germany 

In  Fig.  13  Jec  noise  is  decreasing  with  flight  velocity.  This 
is  probably  because  of  the  fixed  exhaust  conditions.  For  a 
real  aircraft  with  increasing  flight  velocity  the  required 
thrust  and  hence  Jet  noise  will  increase. 

AUTHOR'S  RESPONSE; 

The  figure  represents  a  possible  balance  in  Che  noise  sources 
at  various  Mach  numbers  with  fixed  exit  conditions,  that  is 
at  a  constant  gross  thrust  equal  to  Chat  required  to  maintain 
level  flight  at  around  0.7  Mach.  A  comparable  figure 
representing  the  source  balance  with  Che  aircraft  at  steady 
flight  speeds  could  bo  produced  but  would  have  no  sources 
present  at  M  •  0.  Sea  paper  22,  Fig.  2U. 
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QUESTION  BT:  L.U.  lllaton.  BA*.  UK 

In  your  diacuasion  on  J«c  noiaa  auppreaaor  tachnology,  you 
daaerlbad  chat  3  PNdB  for  2  Z  thruac  loaa  waa  poaalbl*. 

Would  you  agre*  that  auch  auppreaaor  technology  would  be  vary 
difficult  CO  apply  to  exiating  aircraft,  and  could  only  be 
conaidared  for  new  aircraft,  if  tha  thruac  loaa  and  weight 
penalty  could  be  accepted? 

AUTHOR'S  RESPONSE: 

Application  of  the  technology  to  aignificancly  reduce  the 
take-off  noiae  from  aircraft  requiring  high-apecific  thruac 
anginaa  would  entail  aajor  redeaign,  aanufacture  and  flight 
clearance  not  to  awntion  expana*.  The  aaa*  technology  aighc 
be  conaidared  for  future  aircraft  but  I  believe  that  the 
eoaproaiaea  in  perfomanca  togachar  with  the  knowledge  Chat 
there  would  be  no  aubatancial  reduction*  in  noiaa  due  to 
high-apead/low-elcitud*  training,  make  it  a  non-atartar. 

Thia  doaa  not  laean  that  aoa*  Maanra  of  ailencing  ahould  not 
feature  in  future  conbat  aircrafc/angin*  dealgna  but  that  it 
ahould  be  viewed  in  context. 
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RESUME 

Les  avion*  de  combat  i  rentralhefnent  k  baste  altitude 
conadtuem  one  grave  nuisance  sonore  pour  tes  populationa 
furvoKet,  produite  principalement  par  tet  turbor^Kteura.  La 
pfdsenie  communication  expose  les  m^hodes  de  provision  et 
de  rMucdon  du  bruit,  en  s'appuyant  tur  rexp^ience  acquire 
dans  le  domaine  civil.  Les  premiers  Aages  de  compression  sent 
une  source  de  bruit,  d'autant  plus  importante  par  rapport  au  Jet 
que  le  tanx  de  diludon  est  <le^  La  provision  du  rayonnement 
et  de  sa  ditectivitd  repose  tur  la  mesure  des  fluctuations  de 
ptession  tur  aubes  et  tur  I'analyte  modale  du  champ  sonore  se 
propageant  dans  I'enude  d'air.  Le  jet  reste  cependant  la 
principal*  cause  de  bruit  des  moteurs  mililaitet.  Let 
mdeanismet  gdndraceurs  sent  rappeldt  autsi  bien  pour  let 
timpiet  flux  subtoniquet  et  supetsoniquet  que  pour  let  doublet 
flux.  Let  mdthodet  de  prdvition,  fond^  tu  ddpait  tur 
I'dquadon  de  Lighthiil  (lenseur  lid  1  la  turbulence  fine)  tont 
pattdet  en  revue,  ainti  que  let  divert  moyent  de  rdduire  le 
broil  de  jet  Pour  terminer,  sont  ddcrites  let  possibilitdt  offertes 
par  I*  soufflerie  andchoique  CEPRA  19.  spdeialement  con^ue 
pour  dtudier,  avec  effet  de  vot,  le  bruit  de  jet  rayonnd  en 
champ  loiniain. 

gyMMARY, 

The  noite  emittion  from  combat  aircraft  at  low  level  flight 
training  is  pereeived  by  the  public  u  a  soong  nuisance,  which 
it  mainly  due  to  the  turbojet  engines.  This  paper  presents 
methods  of  noise  prediction  and  reduction,  based  on  results 
obtained  in  civil  applications.  The  first  compressor  suget  are 
a  noise  source,  all  the  nore  important  as  the  bypass  ratio  is 
higher.  Input  data  for  radiation  and  directivity  predictions  are 
given  by  measurementt  of  blade  and  vane  pressure 
fluctuation*,  and  by  modal  analytit  of  the  spinning  waves 
propagating  in  the  inlet  duct  However,  the  jet  remain*  the 
main  noise  source  of  military  turbojet  engine*.  Sound 
generation  mechanisms  are  described  for  subsonic  and 
supersonic  tingle  jets  and  for  bypass  jets.  The  prediction 
methods,  bated  on  the  Lighthill't  equation  (tensor  due  to  the 
turbulence)  are  reviewed,  and  also  the  various  means  of  jet 
noise  reducii'>n.  The  last  section  describes  the  CEPRA  19 
anechoic  wine  tunnel,  which  it  primarily  designed  for  studying 
the  jet  noite  radiated  in  the  far  field  with  flight  effects. 

INTRODUCnON 

L:  bruit  des  avions  de  combat  k  i'entrainement  constitue  une 
tris  grave  nuisance  pour  le  public  ;  il  en  i^sulie  des  contraintet 
sur  les  missions,  par  exemple  de  nuit.  qui  peuveni  (tre 
pdnalisantet  et  difficilement  acceptable*  pour  let  militairet.  Cel 
aspect  icoustique  a,  jusqu'h  prdseni,  M  n^gligd  (au  contraire. 
un  apptreil  trit  bruytni  peut  affoler  davantage  I'ennemi).  i 
I'opposd  de  re  qui  se  passe  dant  I’tviation  civile,  surtout 
de^it  I'avinemeni  de  la  propulsion  par  turbordacteur. 

II  apparalt  clairement  aujourd'hui  qu'un  effort  doit  (tre  mend 
sur  les  avion*  de  combat,  afin  de  rdduire  I'dmistion  sonore  k 


la  source.  D  est  dvident  que  let  techerches  ne  partent  pas  de 
rien,  puisqu'elles  peuvent  t'tppuyer  sur  les  acquis  obtenus 
dant  iW  avion*  de  transport,  mdme  si  !a  transposition  n'est  pat 
immddiate  car  les  performances  requites  sont  diffdrentes. 


Figure  I  Rayonnement  sonore  typique  des  turbordacteurs  k 
faiMe  laux  de  dilution  (a)  et  k  taux  de  dilution 
dievd  (b).  Extrait  de  |1|,  d'aprdt  Grieb  St  Heinig, 
Motoren-und  Turbinen-Union. 


Dan*  les  deux  cat.  ce  sont  bien  tOr  les  moteurs  qui  constituent 
la  principale  source  sonore.  Une  synthdse  ptniculidrement 
int^ssante  est  exposde  dans  la  rdfdrence  1 1  ].  d'otl  est  ertraite 
la  figure  1.  Celle-ci  montre  que  I'dmission  acoustique  vere 
I'amont  provient  essentiellcment  des  raies  engendrdes  par  les 
premiers  dtages  de  compression  et  que  celle  vers  I'aval  est 
plutdt  k  large  bande,  due  tu  jet.  Cependant,  les  deux  types 
principaux  de  turbordacteurs  doiveni  dtre  distingudt  ; 

*  ceux  k  simple  flux  ou  k  tidt  faible  uux  de  dilution,  qui 
reprdtenient  les  moteurs  da  premiire  gdndtiiion  et  sont 
encore  actuellement  les  mieux  tdapids  au  vol  supersonique, 
oil  le  bruit  de  jet  domine  largement ; 

*  ceux  k  double  flux  k  grand  laux  de  dilution,  t^ui  sont 


/ 
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mainienanl  generalises  pour  le  transport  subsonique,  dans 
lesquels  la  diminution  des  vitesses  d’ejection  rcduii 
fonement  le  bruit  de  jet  et  oil  la  source  pieponderante, 
meme  dans  Tare  aval,  est  la  soufflonte  en  amont  de  la 
separation  des  flux  primaire  et  secondaire. 

Cette  communication  expose  une  selection  de  rdsultats 
marquants  des  recherches  effectuees  dans  le  dorruine  civil  et 
pouvant  aboutir  i  des  retombees  directes  pour  les  avions  de 
combat  Le  chapilre  I  potte  sur  I'acoustique  des  compresseurs. 
actuellement  secondaire  dans  les  moieurs  miliiaires,  mats  dont 
I'importance  relative  ne  fait  que  croitre  au  fur  et  i  mesure  que 
des  progtis  sont  realises  sur  le  bruit  de  Jet  iraite  au  chapitre  2. 
Le  dernier  chapilre  est  consacre  It  C^RA  19  qui.  avec  le 
DNW  (Duits-Nederlandse  Windluruiel)  aux  Piys-Bas,  est  Tune 
des  seules  souffleries  anechoVques  au  monde,  avec  une  veine 
ouverte  permettant  des  mesuies  acoustiques  en  champ  lointain  : 
la  Vitesse  de  I'ecoulement  couvre  les  conditions  de  ddcollage 
et  d'spproche.  Cette  installation  est  confue  avant  tout  pour 
retude  du  bruit  de  jet  mais  des  prajea  en  cours  viseni  k 
requiper  d'une  alimentation  pour  banc  de  compresseur  ou 
d’hdiice. 


1 _ BRUIT  DE  COMPRESSEUR  AXIAL 

1.1.  Gdiidralitds 


Le  bruit  d'un  compresietir  subsonique  est  domind  par  les 
raies  tux  frdquercet  f.  •  n.B.N,  harmoniques  du  passage  des 
aubes  (B  est  le  nornbie  d'aubes  du  rotor.  N  son  rdgime  de 
rotation  et  n  un  entier  positiO.  11  est  engendrd  essentiellement 
par  les  fluctuations  de  pression  sur  les  tubes  fixes  et  mobiles, 
duet  aux  interactiont  entre  rotor  et  tutor  et  entre  rotor  et 
ditioniont  de  I'dcoulement  incident  (figure  2).  II  en  rdsulte  des 
ondes  acoustiques  hdlico'idales  dans  It  manche  d'enerde  d'air. 
Un  mdcanisme  physique  fondamentai  est  la  propridtd  de 
coupure  du  conduit,  telle  que  seules  let  ondes  i  structure 
tpaiiale  tuffisamment  simple  (auirement  dit,  les  modes  let  plus 
biu)  se  propagent  dans  la  manche  et  rayonnent  k  I'extdrieur, 
tandit  que  les  auires  torn  dvtnescentes.  II  esi  montrd  au 
psragrtphe  1.2  que  le  bruit  est  produit  par  des  harmoniques  de 
charge  sur  aubes  atteignant  des  rangt  dievds.  que  let  calcult 
sdrodynamiques  ne  sent  pas  encore  capables  de  prdvoir  |2|. 
C'ett  pouiquoi  des  donndet  expdrimentalet  sur  let  sources 
sonoret  sont  ndeessairet ;  ces  mesuret  sont  exposdet  au 
paragraphe  1.3. 
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Figure  2  Mdcanis'net  gdndraux  de  rtyonnement  du  bruit  de 
raic  par  un  compresKur  axial  subsonique. 


Le  rtyonnement  d’un  campreasaur  transaonlque  (c'est  |.dire 
avec  des  vitesses  relatives  supersomques  en  idle  d'aube)  est  k 
la  fois  plus  compliqud  et  plus  simple.  Les  irrdgularitda  de 
position  et  de  calage  des  tubes  mobiles  erdent  des  diffdrentes 


d'inclinaison  et  d'intensitd  des  ondes  de  choc  assocides  i 
chaque  aube,  de  sorte  que  la  symdtrie  angulaire  2jt/B  du  rotor 
est  rompue  et  seule  subsiste  celle  en  2x.  Toutes  les  frdquences 
harmoniques  de  la  rotation  f,  ■  f.N  (/  entier  positiO  peuvent 
etre  dmises,  h  I'exception  des  premiires  :  la  figure  3  compare 
les  spectres  acoustiques  mesurds  en  paroi  de  la  manche 
d'admission  du  compresseur  tronssonique  maquette  CA6  de  la 
SNECMA  (diamdtie  47  cm),  pour  des  rdgimes  subsoniques 
(M.^  <  OettranssoniquesfM,.,  >  O.obN,"  19310  tr/min  est 
le  rdgime  nominal  el  M..,  le  nombre  de  Mach  relatif  en  bout 
d'aube.  En  revanche,  il  est  expliqud  au  paragraphe  1.2.2  que  la 
charge  moyenne  du  rotor  erde  alors  des  ondes  propagatives 
dans  la  manche  et  cette  source  sonore  domine  largemeni  les 
auires,  lides  1  des  phenomdnes  d'interaction. 

Cette  prdseniation  lapide  met  en  relief  I'imponance  de  la 
structure  spalialc  (modale)  du  champ  sonore  engendrd  it 
chaque  frdquence.  Le  paragraphe  1.4  indique  coiranent  il  est 
possible  de  la  mestirtr  dans  un  comluit.  L'appon  de  cette 
analyse  est  illusird,  au  paragraphe  1.5,  par  la  caraetdrisation  de 
la  perie  par  insertion  de  Iraltements  absorbanU  en  paroi. 

1.2.  Raotiels  ihdorioues  sur  la  propagation  des  ondes 
acoustioues  en  milieu  tuidd 

Ces  rappels  sont  fondds  sur  la  ihdorie  maintenani  classique  de 
Tyler  et  Sofrin  (3).  La  pression  sonore  d’une  onde  didmentaire 
dans  un  conduit  cylindrique  s’dcril ; 

p(r,9.M,e)  •  A-J,lkr  r)  •  aiqp(i(ue •«§•**) 


oO  r.  9  et  a  sont  let  cooidonndet  cylindiiquet  (a  selon  I'axe  du 
conduit,  I  est  le  tempt,  w  ■  2)cf  I .  pulsation,  m  le  nombre 
d’ondes  (ou  mode)  angulaire  (enier),  k  le  nombre  d'ondet 
axial  kr  le  nombre  d’ondet  iraisvcnal,  3.  la  fonction  de 
Bessel  de  premiite  espdee  d'ordr:  ra  et  A  une  amplitude. 

I.2.I.  Propridtds  de  coupure  d’un  conduit 

Si  K  ■  u/k  est  le  nombre  d’ondet  total,  avec  a  la  cdldriid  du 
son.  la  reiatlon  de  dispcrsiati  donne  : 

(tr- »*)•  •  a*  ♦  (2) 


oO  M  est  le  nombre  de  Mach  de  I’dcoulement  dans  le  conduit 
L’onde  0)  se  proptge  li  k  est  rdel,  e'est-k-dire  si  le 
discriminant  de  I’dquation  (2),  du  second  degrt  en  k.  est 
potibf.  soit : 


Kt/mf-kr.  <3> 


Dans  un  conduit  de  rayon  R  I  paroi  rigide  : 


0  ou  .r„(*,Tl 

I  I*  r>a 


0. 


La  plus  petite  vileur  possible  de  kf,  k  m  donn<.  est : 


kf  •  xV*. 


(4) 


oik  Xa  c**  l’>bici$se  du  premier  exiremtim  de  U  fonction  de 
Bessd  Jr  Ixi  valeun  supdrieuret  de  kr  som  repdides  par  un 
second  indice  p  enlier  posilif.  le  mode  ladiaL  II  est  cependant 
inutile  de  I'iniroduire  explicitemem  ici  car  les  symdtries 
angulairea  des  sources  sonores  erdent  une  sdlection  seuiemem 
sur  re  el  non  sur  p  (voir  paragraphe  1.2.2  ci-dessous). 


oik  *  N*  a*<  I*  nomtne  de  Mach  relatif  en  bout 

d'aube.  Ceci  ddmonne  I’airirmiiion  du  paragraphe  1.1,  selon 
laqueile  la  charge  moyenne  du  rotor  ne  peut  constituer  ime 
soorta  de  bruit  que  dans  ua  compresacur  transsonique. 
Cette  condition  est  ndeessaire  mais  non  sufTisante  car 


Compte  tenu  de  (3)  et  (4),  un  mode  m  se  propage  h  une 
frdquence  f  si  f  2  'kdqucnce  de  coupurc  : 

/,(«»  -  /W?  .  <S) 

avec,  en  pratique.  -  1  .  Le  conduit  igii  done  eomme 

un  nitre  pasae-haut  en  fidquence.  Indiquons  que  :  x«  •  0.  caa 
d'une  onde  plane,  qui  se  propage  quelle  que  toil  la  frdqueiKe. 
el  si  m  d  0. 

lailvO.hOMM*^’  •  0,072S|a| 


•0,051 1«|  ‘  ♦  0,00*4  lul  "*  ♦-  <•> 


Tout  les  modes  m  propagaiiJt  h  une  frdquence  f  donnde  torn 
lels  que  : 


yj-rj?  .  j  I  ,  comme  x«  *''«®  W  cetie 

indgalild  ddrinit  un  mode  maximum,  ou  dr  coupure,  nv  et  elle 
est  salisdAiie  si  : 


Ha. 


<7» 


Le  conduit  agii  ainsi  comme  un  nitre  paaae  bee  en  mode. 
1.2.1  Consdouences  sur  I'dmission  sonore  d’un  comowsseut 


X,  /m  a  /Tf/Vl  -  W*  *^4"*  ***  P*"’  restriedf.  ce  qui 

jutiirie  I'absence  des  premiers  haimoniques  de  la  rouiion  dans 
les  spectres  sonores  (cf.  Tigure  3  4  N  •  O.S.N,). 


CAC  ■•agaubm-Nav  I93l0tr/min 
I  a  1 55  mm  an  amont  du  rotor.  Rat  da  paroi 


130 

MO 


UdO.rtf.  20iiRa) 


N>0.5N, 

(M,^.0,73) 


)50t  SN  1  IN  NaO,9No 

0  $  io  15  20  25  KMX) 


Figure  .3  Evolution  du  tpecoe  acousiique  dans  la  manche 
d'cnird*  d‘air  d'un  compresaeur  tranaaonique,  en 
fbneJon  du  idgime  de  mtabon. 


Comme  ddji  notd.  les  symdtries  angulairei  du  compretseur 
limiteni  let  valeurt  de  m  possibles  :  un  harmonique  de  charge 

sur  tube  mobile  (j,  enlier).  engendre  une  onde  acousiique  h 
une  frdquence  f,  ■  f.N,  doni  le  mode  angulaire  vaul  |4|  : 

ai.i-J,.  <•» 


Pour  tin  rotor  tubtonique  k  B  aubes,  a  1 

f  m  nB.  done  x.  <  nB  et,  a  fortiori.  |m|  <  nB.  Seult  des  tons 
d’inleraction  peuvent  se  propager.  Si  I’inieraciion  se  produil 
avec  un  stator  4  V  tubes,  les  haimoniques  de  charge  engendrds 
sur  aubes  mobiles  soni  lels  que  j,  >  j.V  (j  entier),  fj  >  j.V  et ; 

m  *  tt3  ■  jv.  Ill) 


Le  rapport  de  coupure  :  a  1  s'dctil  encore, 

d'aprts  (3), 

oil  M,  •  2xRN/a  est  le  nombre  de  Mach  de  rouiion 
pdriph^que. 

Le  son  de  rotor  seul.  dO  1  la  charge  moyenne  (j,  ■  0).  est  lel 
que  m  ■  I.  O’aprds  (6).  |m|  <  X«  el  (9)  devieni  ; 

1  <  a  . .  flO) 

"»  VI  ■  w* 


La  condition  ndeessaire  (mais  non  sufOtanie)  pour  qus  ces 
modes  m  sc  propagcni  est  qu’ils  soienl  siluds  dans  la  plage  ; 

■  nB  *  m  *  nB,  seie  0  *  jv  *  2nB.  (12) 


L'acceni  est  mis  habiluellemeni  sur  le  fondamenial  acousiique 
f,  •  BN  car  il  se  siiue  gdndralemeni  vers  quelqucs  kilohertz, 
dans  la  gamine  du  maximum  de  sensibilild  de  I'oreille.  Les 
haimoniques  soni.  d'une  part,  moins  gdnanis  d'un  point  de  vue 
physiologique  el  soni.  d'autie  part,  davanuge  attdnuds  au  court 
de  leur  propagation,  par  I'absorpiion  atmosphdrique.  Les 
indgalildt  (12)  deviennent,  pour  n  •  I  : 

0  <  JV  ■<  2B.  Ill) 


ce  qui  entralne  : 

1  ■<  luj  •  If*  ae  H„ 


►  1, 


ce  qui  est  impossible  quel  que  soil  j  (enlier)  si  V  2  2B.  Ceci 
ddmontre  la  rdgle  bir  n  connue  adoptde  pour  les  comprtsacurs 
de  conception  ailcncicuse  :  rotor  tubtonique.  aba^nce  de  roue 
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leniion  de  poUhudon  E  •  100  V.  avec  une  btnde  passanie 
plate  jusqu’4  au  moins  100  kHz.  La  tension  de  sortie  vaut : 


diieeitice  d’enode  et  grande  distance  entre  rotor  ei  redresseur. 
aftn  d'dviter  des  interactions  fortes,  avec  en  outre  an  moins 
deux  fois  plus  d’aubes  fixes  que  de  mobiles. 

1.2.3.  Ravonnement  en  champ  libre 

Pour  temnner  cet  exposd  thdorique.  signalons  que  le 
rayoiuiement  en  chkttp  libre  se  calcule  (5] : 

*  soil  de  manibre  apptochde.  en  considdranl  le  champ  sonore 
(1)  dans  le  plan  de  sortie  du  conduit  comme  un  ensemble  de 
sources  monopolaires  dldmentaiies  possddani  entre  elles  des 
relations  de  piiase  (modble  du  piston) ; 

*  soit  exactement  en  rdsolvant  I'dquation  d'onde  avec  des 
conditions  aux  limites  imposdes  k  la  source  tdelle  et  sur  tea 
patois  du  conduit 

La  direcdviid  ddpend  de  la  fidquence  f  et  du  mode  m.  Le 
paramtiw  essentiel  est  le  rapport  de  coupure  lifmVf.  Le 
rayonnetneni  est  lateral  si  f  est  voisine  de  la  coupure  et  devient 
de  plus  en  plus  axial,  avec  davanuge  de  lobu  aecondaites. 
quand  f  augmenie  (mais  seul  le  mode  m  >  0  rayonne  sur  I'axe 
et  le  maximum  se  trouva  aloes  sur  I'axe).  Une  bonne 
indication,  patticulibretnent  simple,  de  Tangle  ob  le  niveau 
sonore  esc  maximum  (otigine  f  ■  0  dans  Taxe  du  conduit)  est 
donnde  par  (6) : 


■lofM  *  *  f,(ail/f  (3d) 


1.3.  Etude  exDdfimentale  des  soufces  sonores  dans  les 
comtiresseufs  tubsoniauet 

Comma  la  nombre  d'aubes  mobiles  B  en  typiquement  de 
Toidra  de  30  k  50.  les  relations  (12)  ou  (13)  montrent  que  le 
rang  des  haimoniques  de  charge  coniribuant  k  Tbmission 
sonore  peut  atteindre  plusieurs  dizaines  d'uniidt  Jusqu'k 
pidsent  seules  des  mesures  permettent  d'accbder  au  niveau  de 
ees  nies. 

IJ.LTechnkiue  dc  tnesuw  des  fluctuations  de  presslon  sur 
IHlBIl 

La  determination  experimenulc  des  fluctuations  de  preuion  sur 
aubes  reste  cependMt  delicate.  Les  capieun  ne  doivem  pu 
crecr  de  proruberance.  afin  de  ne  pu  pertutber  Tecoulement 
parietal,  mais  il  est  souvent  exclu  d'usiner  les  aubu  pour  ne 
pu  diminuer  leur  resistance,  lurtout  lur  maquette  k  echelle 
reduiw  ob  les  prcfils  lont  trbs  mincu. 

La  Division  Eiectronique  et  Mesures  de  TONERA  developpe 
des  capceurs  pelliculaires  depuis  plus  de  dix  ant  |7].  (Is  soni  de 
type  capacitif  et  leur  principale  caracteristioue  pour  la  presente 
application  eti  que  leur  epaisseur  wtale  ne  depasse  pu  50  pm. 
de  lofte  qu'ils  peuvent  btre  colies  directemeni  sur  les  aubes.  Ils 
lom  constimes  de  couches  de  dieiectrique  (film  de  polyimide) 
metaJlisees  (figure  4) ;  une  microeiectrcnique  en  bout  d'aube 
usure  Tadapution  d'impedance  sur  It  ligne  de  mesure.  La 
surface  sensible  viut  typiquement  3  mm  selon  la  corde  sur 
5  nvn  en  envergure.  Dans  let  modblet  actuels.  le  dieiecoique 
est  tlvdold  (environ  50  pochet  d'air  dans  la  zone  sensible),  ce 
qui  augmente  la  tdponse  k  It  pression  car  la  ddfoimation 
mdcanique  est  nettement  supdrieure  k  la  ddformation  dlasiique. 
De  It  sorte,  Teffet  des  grandeurs  d'influence  (accdldritions. 
contraintu.  tempdrature.  humidiid)  est  ndg  ligeatrie  dcrant  cetui 
de  la  pression.  L'efficaciid  est  de  Turdre  de  20  pV/Ta  tout  une 


(IS) 

'  c 


ob  est  la  capacitd  polarisde  de  Tdldment  sensible  et  C  la 
capacitd  totak  du  capteur.  incluant  lu  connexions. 

De  nombreux  esuis  se  sont  ddroulds  au  banc  andchofque  5C2 
de  la  SNECMA-Villaroche.  sur  la  maquette  de  compresseur 
adronauiique  subsonique  (de  type  soufflanie)  nommde  CAS. 
Lu  principales  caractdristiquu  sont  donndes  sur  la  figure  S 
(N,  ■  12600  ir/min  ut  le  rdgime  li  .  rouuion  nominal).  La 
figure  S  monire  autsl  qu'un  filtre  tranquilliuteur 
hdmisphdrique  peut  dtre  monid  sur  la  manche  (8].  II  est 
consdtud  d'un  nid  d'abeillu  doubid  d'un  grillage  sur  la  face 
intdrieure :  ton  diamdtre  ut  voitin  du  triple  de  celui  du 
compresseur.  Le  rOle  de  ce  ditposiiif  est  de  mieux  timuler  lu 
conditions  de  vol,  en  tdduisant  les  dittorsions  d’dcoulement 
propru  aux  bancs  sutiquu  (par  exemple  Taspitation  du 
lou^llon  de  sol),  dont  Tinteraction  avec  le  rotor  augmente 
Tdmiuion  sonore  |9). 


{lament 

Connexion  tenuWe  Connexion 

■I  i« 


03  e:::!3  e=3 

Oialettnque  Couche  de  eolle  Matailisetion 

Figure  4  Coupe  schdmatique  d'un  capteur  de  pression 
pelllcultire.  confu  k  It  Division  Eiectronique  et 
Meturu  de  TOHERA  (dpaitseur  totaJe  infdrieure  k 
50  pm). 


KItre  tranqullhteteur 
(dlematre  I.SOm) 


0*47  cm 
I  ~  p.a'jMcm 


.3clz2: 


s 


Nob  I2a00trnnin 


nSotor  I  I  Stator 
1.-' 


48l  lv>Mou» 

!  ou  $2  (avK  capteurs  de  pression) 


Espacement  rotor-stator  : 

-  de  I  a  a  cordes  anales  du  rotor 


Figure  S  Principales  donndu  relatives  k  It  maquette  de 
compresseur  subsonique  CAS  de  la  SNECMA 
(ddbii  massique  nominal  corrigd  :  23.4  ki/s). 
Cettaines  expdriencu  oni  dtd  effeciudes  avec  six  capteurs  en 
tout,  sur  deux  tubes  du  suior  k  62  aubes.  D'auiru.  plus 
inldressaniu.  onl  did  rdtlisdes  avec  huit  capteurs  rdpartis  sur 
trots  aubes  mobiles  ;  les  ligntux  sont  tiers  tmplifids  par  des 
amplifictieurs  embatquds  dans  le  moyeu  du  rotor,  puis  sont 
transmis  par  un  collecteur  toumant 
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1.3.1  Exemplw  de  rfeultaii 

Lei  figures  6  et  7  prfsenteiu  del  mesures  sur  rocor.  k  80  %  de 
renvergure  des  lubes,  dans  le  monage  avec  redresseur  k 
98  lubes  et  espacemeni  rotor-redresseur  nominal  (<gal  k 
2,3  fois  la  projection  axiale  de  la  corde  d’une  aube  mobile).  La 
position  radiate  reienue  est  celle  ou  il  est  couramment  admis 
que  remission  sonore  est  la  plus  forte.  Les  fluctuations  de 
pression  sont  exprimtes  en  decibels,  avec  la  mime  rifirence 
qu'en  acoustique  (20  pPa). 


Figure  6  Spectres  des  fluctuations  de  pression  mesuries  sur 
aube  mobile  du  compresseur  CAS,  k  80  5k  de 
I'envergure  :  N  •  O.b.N.  -  7560  tr/min.  frequence 
maximum  f  ■  I28.N  -  16100  Hs. 


Symbol*  tur 
N*d*<*pt*ur  l•s(ourb•l 

K.l  «♦!  ^ 

[toul*m«nt 


la  fin  du  paragraphe  111,  pour  couper  le  son  produit  sur  le 
fondantental  acoustique.  Les  autres  harmoniques  supirieurs  k 
20.N  ou  30.N  sont  pea  visibles  k  cause  de  la  composante  k 
large  bande.  Comme  il  faut  connaitre  leur  niveau  pour  privoir 
le  bruit  imis,  une  analyse  synchronisie  sur  la  rotation,  dicrite 
en  1 10],  a  iti  mise  au  point  afin  d'iliminer  les  fluctuations 
aliatoires  et  foumir  un  spectre  ne  contenant  que  les  raies 
multiples  de  N.  qui  ea  appeli  spectre  cohirent 

Celt  ce  niveau  total  coherent  qui  est  porti  sur  la  figure  7,  en 
fonction  du  rigime  de  roution  (avec  une  abscisse 
logarithmique).  Les  risultats  prisentis,  issus  des  quatre  mimes 
capteuis.  sont  obtenus  avec  et  sans  flltre  tranquillisateur.  Les 
fluctuations  de  pression  sur  chaque  coutbe  ivoluent  k  peu  pris 
en  K*,  c’est-k-dire  seloa  la  loi  airodynamique  du  carri  de  la 
Vitesse  Oa  vitesse  axiale  est  pratiquement  proportionnelle  k 
celle  de  la  nation).  Le  filuv  tranquillisateur  joue  bien  le  rile 
atiendu,  puisqu'il  produit  une  riduction  des  fluctuations  de 
roidre  de  10  dB.  IJn  examen  plus  approfondi  de  la  rigure  7 
moniie  que  le  niveaa  sans  filtre  est  plus  ilevi  sur  le  capteur 
n*  1  en  bord  d'attaque,  ce  qui  tend  k  conflrmer  I'influence  des 
distocsions  de  Ticoulement  amoni.  Avec  le  filtre,  au  cor.traire, 
lea  quatre  coutbe*  sont  plus  groupees  et  le  capteur  n*  1  petvoit 
les  niveaux  let  plus  faibles  (le  gain  atteint  20  dB  en  cette 
position),  ce  qui  semble  indiquer  que  les  fluctuations  de 
pression  seraient  alon  plutdt  cngendties  dan*  la  couche  limitr 
se  diveloppnnt  sur  les  aubes. 

1.4.  Analyse  modale  du  chamo  sonore  dans  la  manche  k  air 

Tout  let  harmoniques  de  charge  no  constituent  pu  des  touicea 
sonore*  k  cause  des  propriitis  de  coupure  de  la  manche, 
dicriiet  au  paragraphe  1.1  D  est  done  capital  de  connaitre  It 
ttntetun  an  gulaire  (ou  modale)  du  champ  sonore  se  propageant 
dtas  le  conduit 

Mi.  Mtiliwh  ii‘inily» 

La  procidure  d'analyte  modale  mise  au  point  k  I’ONERA  est 
dicTiie  en  [11).  EUe  est  rappeMe  sur  la  figures.  Un 
microphone  monli  sur  une  virole  toumanie  effectue  une 
Involution  en  4  minutes  environ  (I'ongle  8  varic  iinCairement 
avec  le  tempt  t).  Un  microphone  fixe  au  voisinage  de  la 
lection  CtudiCe  sert  de  reference  de  phase. 

Le  signal  fixe  s^t)  et  le  signal  mobile  *,.,(1,9)  sont  numdrises 
k  une  frequence  comprise  entre  30  et  50  kHz,  grice  k  une 
horioge  pilotCe  par  le  tepere  de  roation  du  rotor  (frequence  N). 
lls  sont  stockes  sur  un  ditque  d’acquisibon  rapide  et  decoupCs 
en  Mocs  de  1024  points.  La  moyenne  des  transformations  de 
Fourier  rapides  (FFT  pour  "Fast  Fourier  Transform")  sur 
40  blocs  successifs  foumil  S^(f.l)  et  Sv(f,9),  avec  une 
resolution  frequentielle  de  30  k  50  Hz  et  une  resolution 
lempcrelle  de  I  s. 


Figure  7  Evolution  du  niveau  toul  coherent  des  fluctuations 
de  pression  sur  tube  mobile  du  compresseur  CAS 
k  80  5k  de  I'envergure.  en  fonction  du  regime  de 
roution  (abscisse  logarithmique). 

La  figure  6  montre  les  spectres  de  pression  en  quaae  positions 
sur  la  corde,  k  60  %  du  regime  nominal,  sans  le  filtre 
iranquilliHteur.  lls  meitent  en  evidence  une  treniaine 
d'harmoniques  de  la  rotation,  dus  k  I'iniertciion  avec  les 
distorsions  k  basse  frequence  de  I'ecoulemeni  incident,  tins! 
que  la  raie  k  98. N  associCe  au  stator.  Malgre  I'eioignement  de 
celui-ci,  son  champ  potentiel  est  neitement  pervu  sur  le  rotor, 
ce  qui  prouve  I  inierkt  d'appliquer  la  rkgle  V  2  2B  trouvee  k 


Pour  la  suite  du  traiiement.  plutieurt  frequences  f  harmoniques 
de  N  sont  seicctionneet.  Pour  chKune  d'ellet,  le  cane  des 
amplitudes 


r,(t)  •  5,-gJ.  r,(9l  •  3^-3‘ff 

et  r  interspectre 


I«(9)  •  Sf  -S’ff 

sont  ctlcuie*  sur  environ  240  poinu  (240  s  d'enregisuemeni) 
en  fonction  de  l  (ou  6) :  I'ssierisque  designe  le  complexe 
conjugue.  Le  niveau  total  Ltot  i*  taie  et  ton  niveau 
coherent  L^,  resulunt  de  It  somme  de  I'inientiie  de  tout  let 
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Fifun  S  Proodduie  de  mesuit  et  de  calcul  du  spectre  de  nomhcea  d'onde  in|uJiiies 
k  chaqiM  Mquence  idlectionnde. 


niodOi  potit  dofinds  par ! 

L,^  •  io-io«  (ly  « -  io-iog(!7;3*/r^'*^ 

od  U  bam  tupdrieoie  reprdsema  la  vileur  moyenne  tur  t  (ou 
6)  pendant  i'explonsion  complete  dei  360*.  II  faut  bten  noter 
qua  la  mot  'coMicm*  a'a  paa  la  mtma  siinification  qu'tu 
paraifipha  pidcddent :  il  indique  lei  la  part  de  btuit 
ipatlalemant  coMrente  lur  une  section  droite  du  conduit, 
tandif  qu'il  concemait  au  pangnphe  1.3  les  iluctuations  da 
pieitian  synclooniatt  tatnymlltinant  sur  la  rotation. 

La  iranifomiatiun  de  Fourier  en  9  de  la  compounie  de 
I'lnteispectie  l^c  (6)  k  la  fidquenca  contidMe  foumit  la 
spectra  da  nombrei  d'ondes  anf^aiies  (ou  de  modes)  Um)  k 
cetis  Mquence.  Contme  Int(9)  <*<  complete,  les  vsleuri 
positives  et  ndptives  de  m  torn  idpatdes,  c'est-k-dire  les  ondes 
toumant  dans  le  mkme  tens  que  le  rotor  ou  en  tens  contraire. 
Cette  distinction  esi  trks  importante,  puisque  les  modes  >  |m| 
et  -  |m|  torn  engendrds  par  des  harmoniquet  de  charge 
difMienta,  compte  tenu  de  (8)  ou  ( 1 1 ).  Comma  Ifu(^)  cu  ddAni 
en  240  points,  la  spectre  L(m)  couvre  rincervalle 

•  120  <  m  <♦  120.  L(m)  ett  treed  tur  la  plage 

•  73  <  m  S  >  V5  ;  LnCt  Lc«tontrepdids  par  deux  petiu  irtiu 
horizontaux.  Tout  les  nlveaux  sonores  tont  exptimdt  en 
ddcibels,  avec  la  rdfdrence  de  20  pPa. 

1.4.2.  Enselineinents  tirdi  de  rinilYie  tiwdalt 

L'analyte  modaie  permet  de  vdrifier,  par  exemple,  la  thdorie 
expose  au  partgrtphe  1.2.2.  scion  laquelie  le  son  it  rotor  seui 
docnina  dans  let  compretseurs  crantsoniquet.  Let  expdriences 
mendet  tur  la  maqueite  CA6  aux  rdgimes  transsoniques 
(cf.  flgure  3),  ddcrilet  en  (I2|,  monirent  efrectivemeni  que 
m  •  /  est  le  mode  principal  k  f  ••  /.N. 

Les  phdnomdnes  tont  plus  compliqtidt  dans  les  compresteurs 
tubtoniques.  Des  metures  ont  dtd  effectudet  en  paroi  de  la 
manche  d'entide  d'aiir  de  la  machine  CAS.  dans  le  montage 
avec  redretteur  k  V  ■  8S  tubes  et  espacemeni  rotor-redresseur 
minintal  (dgai  k  une  foit  la  longueur  de  la  projection  axiale  de 
la  corde  d'une  tube  mubile).  La  Ogure  9  constiiue  une 


sytnMse  des  rdsuluu  tur  le  fondamental  tcoustique  f  -  BN,  en 
fonction  du  rdgime  de  rotation.  Bien  que  la  rdgle  V  >  2B  ne 
toit  pat  rigoureutemeni  respeetde  (B  ■  48),  le  premier  ton 
d'interaction  rotor-tutor  k  f  «  B.N,  toit  m,  ■  B  •  V  ■  •  37  (cf. 
la  relation  It),  ett  coupd  jusqu'au  idgime  le  plus  dievd 
contiddrd  Ici,  N  -  O.SS.Nr  Par  consdquent,  la  raie  f  -  B.N  ett 
estentiellement  due  tux  interactions  des  tubes  mobiles  tvec  let 
distortions  de  I'dcoulemeni  incident 

La  nguie  9a  foumit  let  niveaux  Lm  ct  k-it  k  f  ■  B.N  en 
fonction  de  N/N^  tvec  une  tbscitse  logtridunique.  Lc*  teste 
trks  peu  infdrieur  k  Lt,,  ce  qui  tignifie  que  le  champ  sonore 
potidde  one  bonne  cohdtcnce  tpeiiale  et  ett  bien  oiganisd  en 
modes.  Une  rdgression  par  moindtes  curds  montn  que  Lya 
varie  en  lO.log  (N/N^’'*,  ce  qui  ett  Idgdrem^m  plus  fort  que  la 
loi  dipoliirs  classique.  en  puissance  6  os  la  vitesse. 

La  figure  9b  rdsume  let  modes  trouvds.  ettte  foit-ci  tvec  une 
tbKitse  lindaire  en  N/N^  Soil  L,h>  le  nivetu  du  mode  le  plus 
intense  k  chaque  rdgime  dtudid  ;  let  poinu  noin  repdtent  les 
modes  m  telt  que  2  L(m)  >  L^  -  2  dB  et  let  croix  let 
auim  modes  m  pour  lesquels  L(m)  >  L^.  ■  10  dB.  Let  deux 
tniiu  continus  marquent  la  coupurc  thdorique  t  m,.  ddduiie  de 
(3).  Troit  rommentaires  principaux  peuvent  doe  formulds. 

*  Les  modes  oouvds  tont  bien  tiiuds  dans  rinietvalle 

•  n\  S  m  g  4  m,.  comme  prdvu  en  (7).  Le  mode  nv  >  I  ou 

•  nv  -  1.  ihdoriquement  dvanesceni.  est  parfoit  obset^.  Ceci 
ne  remet  nullement  en  cause  le  paragraphe  1.2.1  c»  lea 
variations  de  tempdrature  modifient  la  cdldriid  du  ton  et,  pu 
tuiu.  It  frdquence  de  coupure  f,(m)  dant  (3),  ce  qui  peut 
changer  d'une  uniid  la  valeur  de  m,  calculde.  En  ouoe,  let 
modes  od  f,(m)  n'est  que  Idgdrement  tupdrieure  k  It 
frdquence  f  dtudide,  dderoissent  leniement  le  long  du  conduit 
et  peuvent  conserver  un  niveau  notable  dant  It  section 
explorde  (ici  k  283.3  mm  en  amnnt  du  boni  d'aitaque  des 
tubes  mobiles). 

*  II  existe  touioun  des  modes  intentet  au  voitinage  de  la 
coupure  t  m,.  Ceci  t'explique  faciirment  parce  que  le  profil 
radial  de  ces  modes,  ndeesuirement  tssocid  au  mode  radial 
le  plus  bat  (cf.  le  commenuire  aptds  la  relation  4),  est 
concentrd  k  la  pdriphdrie  du  conduit,  ok  est  effectude  la 
mesure  (une  analyse  k  un  rayon  plus  petit  piivildgierait 
d'auoet  modes). 
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*  Les  modes  principaux  soni  pj^tifs.  c'est-i-dire  qu'ils 
toument  dans  le  mcme  sens  que  !e  rotor,  et  cetie  tendance 
esi  plus  prononcie  It  fort  regime.  Cect  se  congoil  ^galemem 
bien  car  les  harmoniques  de  charge  sur  le  rotor  oni  tendance 
^  d^croitre  quand  le  rang  j,  augmente  tcf.  Tigure  6).  Les 
pntmiires  valeurs  j,  compatibles  avec  la  condition  de 
propagation  engendrent  done,  a  prioii.  les  modes  les  plus 
intenses  :  ce  sont  elfectivement  les  nsodcs  in  >  B  -  j,  (cf. 
formule  8  ou  1 1)  positifs  ^gaux  it  nv.  m,  -  I.  iq,  -  2, ... 


Toutes  ks  discussions  prfc&lentes  suscitent  deux  remarques 
iinportantes. 

*  La  conception  de  compresseurs  subsoniques  silencieux  n’a 
rien  de  myst^rieux  :  il  sufTit  d'<Ioigner  sufrisamment  le 
redresseur  en  aval  du  rotor  et  de  mettre  deux  fois  plus 
d'aubes  fixes  que  mobiles.  Ceci  entiaine  cependant  des 
penalisations  en  complexity  et  cout  de  fabrication,  en 
encombrement  et  surtoui  en  masse.  Quant  aux  compresseurs 
uanssoniques.  il  n'est  pas  facile  de  reduire  les  sources 
soiiores.  puisqu'elks  sont  liyes  i  la  poussde  moyenne  du 
rotor.  Dans  les  deux  cas,  il  est  done  Bis  intiressant  de 
riussir  i  absorber  le  mieux  possible  le  bruit  ymis,  par  des 
revitementt  en  paroi  de  la  manche  i  air. 

*  Les  mesures  acousiiques  classiques  dans  les  bancs  sutiques 
ne  sont  pu  parfaitement  reprisentatives  des  conditions  de 
vot.  It  cause  de  I'effet  du  sol  et  des  distorsions  de 
rycoulement  aspird.  Celles-ci  disparaissent  pratiquetnent  en 
totality  quand  il  exisle  une  vitesse  d'avancement  (cf.  I9|).  Ce 
paragraphe  va  monirer  que  1'analy.se  modale  permet  de 
s'affranchir  de  ces  dyfauu  el  de  mieux  privoir  ce  qui  se 
passe  en  ryaJiiy. 


Des  essais  onl  itd  effectuys  sur  la  version  compacie  du 
compresseur  CA5,  avec  toujours  le  rotor  8  B  >  48  aubes  mais 
avec  le  redresseur  t  seulement  V  ■  62  aubes,  ycand  au 
minimum  du  rotor  (espacement  igal  it  une  cotde  axiale  des 
aubes  mobiles).  Les  risultats  prysentys  ci-dessous  se  lindtenl 
8  la  raic  la  plus  g{nante,  i  la  ftiquence  de  passage  des  aubes 
f  ■  B.N.  el  i  un  rygime  d'approche  (40  %  du  rygime  nominal), 
oil  le  bruit  de  compresseur  domine  largemeni  la  nuisance 
pergue  au  sol.  Dans  ces  contliiions,  le  premier  son  d'lnteraclion 
m,  a  B  •  V  •  •  14  se  propage  et  rayonne  h  I’extyrieur  (une 
synihise  en  fonciion  du  ligime  et  incluani  I'harmonique  2  BN 
est  exposye  en  1 10|). 


I 

10  J- 


Modes  dv  coupurr  thSo'iqtjvs 
I  •  Modes  principaui  /  Kml  *  l«,,-2dB 
!•  Modes  les  pli»s  inteoses  l(mt>lv,.'10d8 


Figure  9  Synihise  de  I’analysr  modale  du  champ  sonore  I  la 
friquente  de  passage  des  aubes  du  compresseur 
CA5  :  mrsurcs  rffrewes  .'i  paroi  de  la  manche 
d'enuye  d'air.  ' 


Un  irongon  dc  Is  manche  d'admission.  de  longueur  ygale  au 
rayon  de  la  maiKhe  (235  mm),  peui  recevoir  un  revtiemen: 
absorbtnt.  Les  mesures  d'analyse  modale  son!  ryaltsyet  dans 
une  section  er  amont  de  celui  ci.  de  sorte  que  la  comparaison 
des  niveaux  sonores  L  en  conduit  rigide  (indice  R)  et  Baity 
(indke  T)  foumil  la  peite  par  insertion  : 

.  i.r.  (17) 


Plus  prycisymeni,  Bois  c-infigurationt  sont  yiudiyet  ; 

•  manche  iisse. 

-  iraiiement  4  large  bande  avec  rysontleurs  rccouveru  d'une 
ic'le  perforye. 

•  traiiemeni  du  myme  type  que  ci-dessus  mais  opiimisy  par  la 
SNECMA  pour  absorber  le  son  d'inleraciion  m,  ■  •  14  sur 
le  fondamcnial  acousliitue  (un  mode  donny  4  une  frequence 
f  dyiemune'I'angle  d'incidence  de  I'onde  sur  la  paroi). 


a)  Niveau  sonore  total  ei  coheesgi  de 
(abscisse  loganihMiiuue  en  N/N„). 

b)  Princppaux  mextes  angulaires  irouvis  4 
rdgime  (abscisse  lin<airt  en  .N/N,). 


la  rate  Uj  |„  specBcs  de  nombrea  d'ondes 

angulatres  Llin)  4  f  ■  B  N,  N  •  0.4  N,  »  5040  tr/mtn,  dans  ks 
iroTS-  configurations  dycriies  ci-dessus.  Elle  appcile  les 
^^explications  suivantes.  / 
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*  En  conduit  lisse.  le  mode  d'lnteraction  m,  •  •  14  domine 
largement.  comme  privu.  Cependant,  de  nombreux  autres 
mode*  tone  trouv^s  dons  le  domoine  propagatif  calculd 
(-  m,  ^  m  ^  >  m,.  avec  ici  nv  >  I S).  i  cause  des  distortions 
d'fcoulement :  ces  modes  depassent  de  plus  de  20  dB  le 
bruit  de  fond  du  spectre  (i  |m|  >  nv)- 

*  Avec  le  traitement  absorbaiit  conventionnel  (deuxiime 
courbe),  tout  les  modes  propagatifs  sont  rdduits  d’une 
dizaine  de  decibels,  ainsi  done  que  les  niveaux  cohdrents 

et  total  Lra  de  la  raie,  pratiquement  dgaux  sur  les  trois 
graphiques  (ils  sont  repdrds  sur  ccux-ci  par  le  trait  en  haut 
1  gauche). 

*  La  demidie  partie  de  la  figure  10  ddgage  tout  I’apport  de 
I'analyse  modale.  Le  traitement  optimisd  ne  produit  qu'un 
gain  suppldmentaiie  de  U  dB  sur  Au  contraire,  le 
mode  tn,  a  •  14  subit  une  diminution  exeddentaire  de  8.6  dB. 
Le  pidtre  rdsultat  sur  Lr«  provient  de  tous  les  autres  modes 
propagatifs,  qui  conservent  bien  .sur  d  peu  prds  le  meme 
niveau  avec  les  deux  traitements :  ce  sont  eux  qui 
ddterminent  Lr«  dans  ce  troisidme  cas,  parce  que  certains 
ddptssent  slots  L(mJ. 


En  conclusion,  la  pene  par  insertion  d  f  •  B.N  est  donnde  au 
banc  par ; 


“TOC 


■  L 


Toe- 


(18) 


En  vol.  les  modes  dus  aux  distorsions  d'dcoulement 
disparaissent  pratiquement  en  totalitd,  de  sorte  que  la  pene  par 
insertion  prdvisible  est  certainement  plus  proche  de  ; 

-  t»(/»,)  -  L’’(%) .  (19) 


Le  tableau  suivant  idsume  les  valeurs  trouvdes  ;  alon  que  les 
deux  traitements  produisent  une  pette  par  insertion  AL^  de 
I’ordre  de  10  dB  au  banc,  celle  en  vol  passetait  de  12  dB  avec 
le  traitement  classique  d  21  dB  avec  celui  optimisd  par  la 
SNECMA,  ce  qui  prouve  son  efficacild. 


.  Pent  par 

insertion  d 
^\f-B.N 

Traitement 

acoustique 

Mesure  au  banc 

AW 

Prdvision  en  vol 

Conventionnel 

8.6  dB 

12,1  dB 

Opiimisd 

10,1  dB 

20,7  dB 

2.  BRUIT  DE  JET 
2.1.  Rappels  historioues 


Figure  10  Effet  de  traitements  absorbants  sur  la  manche 
d’entrde  du  compresseur  CA5  (B  =  48.  V  =  62. 
espacement  minimal),  au  regime 
N  »  0.4.N,  -  5040  tr/min  ;  spectres  de  nombres 
d'ondes  angulaires  d  la  frdquence  de  passage  des 
aubes  f  =  BN. 


L'intdrdt  pour  le  bruit  de  jet  des  moteun  d’avions  date  des 
anndes  1950  ;  il  est  lid  d  la  mise  en  service  des  avions  de 
transport  civils  d  rdaction  car  ils  dtaient  incomparablement  plus 
bruyants  que  leur  prdddeesseurs  d  hdlices.  La  gine  qu'ils 
erdaient  aux  riverains  des  adroports  dtait  trds  prdoccupante  et 
pouvait  devenir  un  obstacle  au  ddveloppement  harmonieux  du 
transport  adrien.  C’est  ainsi,  d  utie  d’exemple,  que  les  premiers 
avions  civils  d  rdaction  (Caravelle.  DC-8,  VC-10)  produisaient 
un  bruit  supdrieur  de  quetque  15  dB  au  bruit  des  avions  d 
hdlices.  qu’ils  allaient  peu  d  peu  remplacer  dans  les  flottes  des 
compagnies  adriennes.  La  poussde  des  avions  d  rdaction  dtant 
produite  par  I'djeciion  d'un  jet  de  grande  vitesse  (500  d 
8(X)  m/s),  le  bruit  de  jet  est  pardculidiement  pdnalisant,  non 
seulement  d  cause  de  son  intensitd  mais  dgalement  par  ses 
autres  caraetdristiques,  comme  le  diagramme  de  rayonnement 
et  le  spectre,  beaucoup  plus  riche  en  hautes  frdquences  que 
celui  engendrd  par  une  hdlice. 

Dans  un  tel  contexte,  les  pouvoirs  publics  des  pays  possddant 
une  industrie  adronautique  ont  favorisd,  inciid  ou  meme  financd 
de  nombreuses  dtudes  pour  comprendre,  connaitre  et  rdduire  le 
bruit  de  jet.  Elies  ont  dtd  entreprises  dans  plusieurs  directions  : 
travaux  ihdoriques,  essais  et  recherches  expdrimentales  en 
statique  et  en  vol,  dtudes  psycho-accustiques,  travaux 
prdparatoires  de  la  rdglementation. 

2.1.2.  Travaux  thdorioues 

C'est  un  fait  bien  connu  que  toute  la  thdorie  du  bruit  de  jet 
repose  sur  les  travaux  de  Lighthill  (13,  14,  15].  Cel  auteur  a 
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reli<  let  grandeurs  icoustiques  du  jei  aux  caract^ristiques  de  la 
turbulence  de  r&;oulemeni  et  a  eubli  une  dquation  (dite 
Equation  de  Ughthill).  dans  laqueile  il  a  Isold 
(mathdmatiquetiient  parlant)  un  terme  source  caracteristique  du 
milieu  turbulent  dmissif.  Les  travaux  de  Lighthill  ont  suscitd  de 
trds  nombreuses  et  irds  frucnieuses  recherches  sur  les  diffdrents 
aspects  du  bruit  de  jet :  gcndration,  propndtds,  rayonnement, 
etc.  Citons,  parmi  les  rdsullats  les  plus  representatifs,  ceux  de 
Ribner  (16.  17|,  Ffowcs  Williams  |I8|  et  Ulley  |I9|.  Ces 
premiers  travaux  thdoriques  dtoient  tous  axes  sur  la  turbulence 
et.  de  ce  fait,  dtaient  approprids  plus  au  bruit  de  melange  qu’au 
bruit  d'onde  de  choc,  dont  I'imporurce  s'est  manifcstde 
quelques  anndes  plus  tard.  C'est  dgaleiient  quelques  anndes 
plus  tard,  vers  1970-1973,  que  les  tlidmes  de  "structure 
cohdiente"  et  "d'instabilitd  d'onde"  ont  supplantd  auprds  des 
chercheurs  celui  de  la  turbulence,  vue  initialemeni  par  les 
thdoriciens  sous  le  seui  aspect  statistique. 

Une  retombde  importante  des  premiers  travaux  thdoriques 
(ceux  de  Lighthill  en  particulier)  a  dtd  le  ddveloppement  des 
mdthodes  de  ptdvision  du  bruit  de  jet,  dont  I'un  des  initiateurs 
a  dtd  Kobrynski  (20|. 

2.1.3.  Essais  et  recherches  expdrimentales 

Les  essais  sur  moteur  i  I'dchelle  1  sont  difficiles  k  mettre  en 
oeuvre  pour  dtudier  le  bruit  de  jet  Aux  raisons  d'ordre 
dconomique  et  de  disponibilitd  des  moieurs  s'ajoutent  des 
difficultds  proptement  techniques,  comme  la  contamination  du 
bruit  de  jet  par  d'autres  sources  du  moteur  (compresseur, 
turbine,  etc.),  I'espace  ndcessaire  pour  faire  des  mesures  en 
champ  lointain,  avec  les  probldmes  mdtdorologiques  et 
mdtrologiques  associds.  C'est  pourquoi  un  grand  effort  a  portd 
sur  les  moyens  et  les  mdthodes  d'essais  du  bruit  de  jet  sur 
miqueltes. 

Parmi  les  moyens  d'essai,  il  faui  mentionner  les  chambres 
andchoVques.  En  France,  une  telle  chambre  a  dtd  construite  au 
ddbut  des  anndes  I960  au  CEPr  (Centre  d'Essais  des 
Propulseurs)  et  a  dtd  utilisde  pendant  de  nombreuses  anndes. 
Simultandment.  on  voit  apparaicre  sur  le  marchd  des 
dquipements  nouveaux  d 'analyse  et  de  traitement  des  mesures 
acoustiques,  ndcessaires  pour  manipuler  et  examiner  t'dnorme 
masse  de  donndes  foumies  par  les  essais. 

C'est  I'dpoque  oil  Ton  met  dgalement  au  point  des  procddds 
d'investigation  au  sein  d'un  jet  turbulent.  L'ONERA,  en 
coopdration  avec  la  SNECMA,  ddveloppe  une  mdthode  de 
caractdrisation  de  la  source  du  bruit  dans  les  jets  chauds, 
fondde  sur  la  mesure  de  I'dmission  infrarouge,  couplde  aux 
techniques  de  corrdlaiions  de  faisceaux  croiscs  |21.  22.  23). 

Les  premiers  essais  rdalisds  dans  les  chambres  andchoVques 
avaient  lieu  en  statique.  On  ddcouvre  quelques  anndes  plus  tard 
que  les  propridtds  du  bruit  de  jet  peuvent  etre  profonddment 
modifides  par  le  vol.  Des  moyens  de  simulation  de  I'effet  de 
vol  sont  alors  construits  :  ce  sont  les  souffleries  andchoVques. 
La  conception  la  plus  counimment  adopide  est  la  soufflerie  i 
veine  otiverte.  C'est  le  cas  en  France  de  CEPRA  19.  implantde 
au  CEPr  vers  1975-1980  et  qui  est  toujours  utilisde  sou.s  la 
respon.sabilitd  de  I'ONERA  (cf.  paragraphe  3). 

2.1.4.  Etudes  osvcho-acoustiaues 

C'est  dgalement  aux  caractdristiques  spectrales  paniculidres  du 
bruit  de  jet  que  Ton  doit  le  lancement  des  dtudes  psycho- 
acoustiques  destinccs  i  trouver  une  unitd  acoustique 
representative  de  la  gene  crddc  par  le  bruit  de  jet.  Ces  dtudes. 


mendes  surtout  aux  Ews-Unis  par  Kryter  (24),  voni  donner 
naissance  aux  PNdB  (Perceived  Noise  Decibels)  et  aux  EPNdB 
(Effective  Perceived  Noise  Oecibels),  tenant  compie  de  la 
dutide  de  passage  de  I'avioii.  Us  sont  aujourd'hui  d'un  usage 
trds  courant  pour  la  oenification  adronautique.  L'adoption  de 
ces  unitds  complexes,  an  tendant  ndcessaire  la  connaissance 
des  spectres  i  tous  les  azimuts,  s'est  rdvdlde  etre  un  facteur 
d'approfondissement  el  de  caractdrisation  fine  du  bruit  de  jet 

2.1.5.  Rdelementation 

La  certification  acoustique  des  adronefs  promulgude  par 
rOACI  (Organisadou  de  I'Aviation  Civile  Internationale)  en 
1969  a  dtd  prdparde  pendant  piusieurs  anndes.  Les  travaux 
prdparatoires  el  les  txxtnes  de  bruit  retenues  ont  dtd  fortement 
influencds  par  les  caiaadtistiques  du  bruit  de  jet.  source  sonore 
principale  dans  les  peemieis  types  de  moieurs  d’avions  civils 
et  dont  la  rdduction  ae  heuitail  h  des  difTicultds  techniques  el 
dconomiqiies  dnomtet. 

2.2.  Description  du  brail  de  iet 

2.2.1.  Caracidrisaiion  du  bruit  de  let 

Le  bruit  de  jet  est  canctdrisd  en  champ  lointain  (figure  11). 
pour  une  distance  doande  (r  k  la  tuydre  ou  d  1  I’axe  du 
moteur)  el  un  angle  de  rayonnement  a.  si  la  tuydre  est  de 
rdvolution,  par : 

-  un  niveau  de  presskn  tonore  global  ou  dans  une  unitd  de 
gdne  (PNdB  par  excmple) ; 

-  le  spectre  sonore. 

L'ensemble  de  ces  gnndeurs  permet  de  tracer  le  diagramme  de 
rayonnement 

Si  la  tuydre  n'est  pat  de  rdvolution.  un  deuxidme  angle  y 
(angle  de  giie)  doit  doe  considdrd  et  I'on  obiient  un  ensemble 
de  diagrammes  de  rayonnement 


Figure  1 1  Paramdoes  gdomdtriques  de  mesure  du  bruit  de  jet 
en  Chany  lointain. 


2,2.2.  Simple  flux  subsonigue 

Le  cas  didmentaire  le  plus  simple  est  un  mono-flux  subsonique. 
L'dcoulement  est  djcctd  dans  I'aimosphdre  i  une  vitesse 
moyenne  dans  le  plan  de  sortie  de  la  tuydre.  En  aval  de  ce 
plan,  on  distingue  let  rdgions  suivanies  (figure  12a)  : 

•  le  cdne  potentiel,  dans  lequel  l'dcoulement  comprend 
uniquement  le  fluide  provenant  de  i'inidrieur  du  moteur  i 

-  fair  ambiant : 

•  la  zone  de  mdlange  xlimentde  d  la  fois  par  le  cdne  potentiel 
rt  par  fair  ambiant 

Dans  la  zone  de  mdlange,  se  ddveloppent  de  fortes  turbulences, 
sources  du  bruit  de  jet 

En  statique.  le  bruit  engendrd  par  chaque  paquet  turbulent  est 
soumis  aux  influencesou  modifications  suivantes  (figure  12b)  : 
■  un  effet  de  convection  est  dd  i  la  vitesse  de  l'dcoulement  ; 

-  le  rayonnement  dmis  par  le  paquet  turbulent  subit  la 


15-10 


rdfnction  produiie  par  le  profil  des  tempdranaea  et  des 
vitesaes  le  long  du  trajei  acoustique  ; 

•  la  source  nirbulenie  est  soumise  aux  influences  provcnant  de 
I'intdrieor  du  moteur,  qui  peuvent  toe  soil  d’origine 
atoodynamique  (agissant  directement  sur  les  caracttostiques 
de  la  turbulence  locale),  soit  d'origine  acoustique  (bruit  cito 
par  d'auties  souices  internes  coniine  le  compresseur,  la 
turbine  ou  la  chambre  de  combustion),  ce  qui  est  susceptible 
de  modifier  le  bruit  de  jet  propiement  dit  (25| ; 

-  enfin.  le  ddveloppement  de  la  zone  de  melange  lurbulenie 
ainsi  que  les  effets  de  convection  et  de  refraction  dependent 
de  la  geometrie  de  la  tuyire. 


a) 


Figioe  12  Brail  toiis  par  un  jet  mono-flua  subsonique. 

a)  Schema  du  jet. 

b)  Modificaiioni  du  bruit  engentM. 


Les  principaua  facteurs  determinant  le  niveau  de  puissance 
acoustique  sent,  d'abord.  la  vitesse  d'ejcction  de  I'ecouiement 
et  d’auire  pan,  une  grandeur  caracteiisani  les  dimensions  (par 
exemple,  section  de  uiyere  ou  debit  masse). 

En  vol.  aua  phenomtocs  dderitt  ci-dessus  s'ajoute  (outre  I’effet 
Doppler  qui  ddplace  les  frequences)  une  action  sur  la  structure 
de  la  region  lurbulenie  qui  modifle,  de  ce  fait  les 
cancteiistiques  du  bruit  de  Jet  par  rappoit  au  cu  statique. 

Qat  ce  soil  en  suiique  ou  en  vol,  le  bruit  de  jet  d’un  moteur 
insialie  sur  un  avion  subil  egalement  les  effeu  d’insiallation, 
e’est-a-dire  les  reflexions  ou  diffractions  sur  les  structures  de 
I'avion. 


experimentalement  que,  compare  a  un  (lux  unique  equivalent 
(egaliie  de  debit  masse,  egaliid  d’enrhalpie  et  egalitd  de 
poussee),  un  doable  flux  classique  ou  a  ptofll  des  vitesses 
normal  (vitesse  exterieuie  plus  faiUe  que  la  vitesse  interieur;) 
est  legtiement  plus  bruyant  En  revanche,  un  double  flux  a 
profll  des  vitesses  inverse  (e'est-a-dire  dans  lequel  la  vitesse 
exterieuie  est  plus  grande  que  la  vitesse  inteiieure)  est  moins 
bruyant  que  le  flux  iniiquc  equivalent  conespondant 

Cfine  potentiel  du  flui  txteme 

Interaction  des  deux  zones 
de  fflManqe 
Zone  de  melange 
des  deux  flux 
Zone  de  mMange  flux 
extame-air  ambiant 

Cdne  potential  du  flux  imeme 

ngme  13  Schenw  d’un  jet  double  flux. 


2.14.  Simple  flux  supersonioue 

Lorsqu'un  dcoulement  supersonique  (rappoit  de  picssion 
supeiieur  au  rapport  critique)  alimente  une  tuybie  convergente. 
il  se  cide  en  av^  de  la  section  d'ejection  une  sdrie  de  cellules 
de  chocs  (figure  14). 


Structure  des  ondes  de  chocs 
dans  un  jet  superentique  convergent 

Figure  14  Structure  des  ondes  de  choc  dans  un  jet 
superctitique  convergent. 

L’interaction  entre  le  processus  de  mdlange  mentionnd  dans  le 
paragraphe  pideddent  et  les  cellules  de  choc  produit  un  bruit 
suppIdiTientaire  au  bruit  de  mdlange,  appeld  bruit  d'onrfe  de 
choc,  qui  possbde.  d'une  part,  une  composanie  a  large  bsnde 
et.  d'autre  part  des  fidquencts  diserbtes  appeldes  "scieech". 

Le  bruit  d’onde  de  choc  rayonne  essentiellement  vers  I'amont 
du  moteur.  On  caraetdrise  simplenwnt  ce  bruit  par  le  niveau  et 
le  spectre  du  bruit  de  jet  4  Tangle  d'dmission  a  >  130*.  oil  il 
est  sensiblement  supdrieur  au  bruit  de  mdlange.  Le  paramdire 
fondamental  du  bruit  d'onde  de  choc  est  |3  (P‘  •  M/  -  I,  oil  Mj 
est  le  nombre  de  Mach  conespondant  b  une  ddtente  compidte 
dujet). 


2.13.  Double  flux 

Dans  un  double  flux,  les  phdnomtoes  sont  fondamenudement 
les  mdmes.  Les  deux  flux  donnent  naissance  a  deux  ednes 
potentiels  ainsi  qu'l  deux  zones  de  mdlange,  qui  elles-mdmes 
se  mdlangent,  comme  illustrd  sur  la  figure  13. 

L’utiliution  dans  les  avions  de  transport  civils  des 
turbosoufflantes  (mrbordacteun  I  deux  flux),  qui  sont  irwins 
bruysntes  que  les  mono-flux,  a  donnd  Timpression  que  le  bruit 
de  jet  d'un  double  flux  est  infdrieur  au  biuit  de  jet  d’un  mono¬ 
flux.  En  fait,  le  bruit  plus  faible  des  doubles  flux  a  pour  cause 
les  vitesses  d'djection  plus  basses.  II  a  dtd  dtabii 


La  figure  13  foumit  quelques  illustrations  des  phdnomtoes  qui 
viennent  d'dtre  ddcrits  (dans  ce  paragraphe,  V  est  une  vitesse). 

2.3.  Mdihodes  de  erdvision 

Compte  tenu  de  ce  qui  vient  d'dtre  prdsenid  au  paragraphe  2.2 
sur  la  gdndiatiofl  du  bruit  de  jet,  il  est  clair  que  let 
phdnomdnes  sont  irop  complexes  pour  eiivisager  une  mdthode 
de  prdvision  purement  th^que,  valable  dans  tous  les  cu 
possibles.  De  fait,  la  plupart  des  mdthndes  de  prdvision 
existames  sont,  Il  la  fois.  "spdcialisdes’’  et  semi-empiriques.  La 
spdcialiutkm  s'opdre  selon  les  caraetdristiques  suivanies  ; 

-  bruit  de  mdlange  ou  bruit  d’onde  de  choc. 


II  y»Wli.|j|i.'y'pjjy^,ili)«  I  iiiTlf.l  gi  i!WBi;i  'I 


•  mono-flux  ou  double  flux. 

•  dan»  le  cas  d'un  double  flux,  profil  des  viteites  normal  ou 
invend. 

•  bruit  en  uatique  ou  en  vol. 

•  domaine  de  validitd  pour  let  parambtres 
adrodiermodynaniiques  ou  gdocndtriques. 

-  forme  de  la  tuyire. 

Lea  mdihodea  de  provision  publidet  depuis  1979  sent  donndes 
dans  les  tdfdrences  26  1  42.  Les  plus  opdrationnelies  soni 
ddctiles  bribvement  dans  le  tableau  ci-aprbs.  Elies  soni  toutes 
relatives  1  des  tuybics  sans  silencieux.  Les  moyens  de  ibduiie 
I'bmission  sonore  sont  prbsentbs  dans  le  paiagraphe  suivanL 
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Fifarc  13  Exeinple*  de  mefuret  de  brail  de  jet 

Exnit  de  (4S|. 

I)  Chunp  tonoK  d'un  jet  supenonique  (M  > 
nombtc  de  Mech  d'tvincemeni). 

b)  Brait  de  jet  da  Viper  601  (V  ■  viieue 
d'avMcemem). 

c)  Spectre*  acouiiiquet  rtyonnd*  par  le  Viper  en 
vol  *  V  -  172  ktt,  »  «  -  130*  et  30«. 


SpKtretdu  Viper  tnvoia  Vs  172  KTS 


Spectrei  du  Viper  an  vol  a  V  s  1 72  KTl 


14^  .  Moveni  de  rdduction 

2.4J^R«uction  du  brait  de  m^lante  |43-48| 

Ji  on  le  limile  I  une  idduclion  patsive,  let  deux  seuls  moyen* 
pottiMes  torn : 

-  d‘a|ir  lur  la  (4ndration  de  la  source  ; 

-  d'agir  sur  le  ddveloppemenl  de  la  region  source  (zone  de 

mdlange).  ^  ^ 


ht  deuxibine  procddd  consisw  1  accdidrer  le  mdlange  entre  le 
jet  el  fair  ambiant.  de  fafon  (  diminuer  le  volume  de  la  zone 
de  indlange,  libge  des  tuibulence*  qui  soni  let  sources  sonoies. 
Une  grande  varidtd  de  techniques,  dont  let  plus  connue*  soni 
d6criies  ci-aprbs,  peuvent  tire  uiilistes  pour  oblenii 
facctidration  du  mtlnnge. 

Augmenlalion  du  pdrimtire  de  conlact  eiilre  It  jet  e( 
I’atmoephtr* 


Le  premier  proctdd  le  limite  i  une  diminution  de  la  viKsis 
d'tjeciion  moyenne,  ce  qui,  k  poussde  consiante.  ndcessite  une 
augmentation  des  dimensions  du  moteur.  C'est  gtice  i  ce 
^v^jmyenqae  les  doubles  flux  g  grand  taux  de  dilution  produiaent 
unWii  de  jet  relativemeni  faible. 


\ 


Cct  cfTet  est  obtenu  simpitmcm  avec  une  tuytre 
bidimensionnelle  (flgure  16a).  Outre  une  reduction  de  la 
puissance  acoustique,  une  tuytie  rectangulaire  (hauteur  h, 
largeur  L)  produii  aussi  un  cfTet  btntflque  grtce  au 
rayoitnemeni  dans  la  direction  ip  ■  0. 
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Fifure  16  Moyens  de  induction  du  bruit  de  jet 
I)  Tuyire  rectangulaire. 
b)  M6l*nfeuf. 

Unc  tuyire  tnnulaire  permel  6gakmenl  d'tugmenter  le 
pfrimtlre  de  contact  du  jet  avec  I'atmosphire.  Det  tuytrea 
annulaifca  de  revolution  ont  fait  I'objet  de  plusieurt  etudes 
oriencees  d'ailteura  vers  la  reduction  du  bruit  d'onde  de  choc. 
Peu  de  donneet  existent  sur  des  luytrcs  annulaiics 
bkUmensionnelles. 

UtUiMtkm  de  meiaiitears 

Une  eutre  fafon  d'augmenier  le  perimeire  de  contact  du  jet 
avec  raunospheic  esi  d'utiliier  une  luytre  avec  des 
ofidulations  ou  corrugations  (figure  16b). 

Avec  une  telle  geotnetrie,  on  m  rapproche  dejt  de  techniques 
propres  aux  lilencieux-meiangeurs.  Dans  ces  disposilifs,  dom 
le  but  esi  d'acceiercr  le  melange,  fair  exierieur  eat  conduit 
vers  I'inierieur  de  I'ecoulement  ou,  i  I'inversc,  fair  du  jet  cst 
guide  vers  fexterieur.  La  fonction  de  guidage  est  assunie  par 
des  formes  diverses.  On  obtieni  ainii  des  silencieux  k  "tubce", 
i  lobee",  k  "gouKttrcs".  Un  des  silencieux  etudids  par  la 
SNECMA  pour  fOlymput  de  Concorde  ulilisait  des  palettes 
qui  dirigeaient  I'ecoulement  inierieur  ven  fexterieur.  A  cause 
de  ces  palettes  ou  pelles,  le  dispositif  a  dtd  baptise  "silencieux 
k  pelles". 

Lea  problimes  techniques  les  plus  importants  poses  par  lea 
silencieux  sont  : 

-  d'obtenir  une  faible  reduction  des  performances  du  tttoieur, 
surUMit  en  croisiere  : 

•  d'avoir  un  silencieux  qui  teduil  le  bruit  de  fa(on 
significative,  non  seulemeni  cn  statique.  mais  aussi  en  vol. 
Le  "silencieux  t  pelles"  s'esi  rdveie  k  cet  egard 
particulierement  ddeevant  puisqu'il  a  perdu  rn  vol  loute  son 
efficaciie  consutee  en  statique. 

II  a  ete  trauve  experimenialemeni  qu'une  fa^on  de  conserver 
en  vol  les  bonnes  performaiKes  acoustiques  du  silencieux  est 
de  le  completer  par  un  ejectear.  L'cfficacite  du  sysieme  est 
augmentee  si  un  traiiemeni  acousiioue  est  applique  sur 
I'djecteur. 


Cotim  le  bruit  d’onde  de  choc  provient  de  f  interaction  entre 
le  melange  et  les  celltiks  de  choc,  tout  tystime  qui  peiturbe 
fetabiissement  de  ces  odiales  est  susceptible  d'atttouer  le 
bruit  d'onde  de  choc. 


■ruit  en  italiqut  d’une  tuySra  ronde 


•ruit  tnnald'unetuyerarende 


A  (niveau  de  prenion  lonere  global),  dd 


PNdd  IruitlaalJO* 


0  0,1  -O.C  -0.2  0  0.2  0.4 

Figure  17  Reduction  du  bruit  d'onde  de  choc. 

Extrait  de  (43], 

a)  Bniit  en  statique  et  en  vol  d'une  tuyere 
circulaire. 

b)  EfTIcaciic  du  convergent-divergenL 

c)  Bruit  b  a  »  130*. 
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Le  moyea  le  pliu  efficace  est  dans  ces  conditions.  I'utilisation 
d'une  luyire  convergenie-divergente  adapide,  puisqu'une  lelte 
tuyin  supprime  les  ondes  de  choc.  Par  nppoct  i  one  niydre 
cooverieme,  une  idductica  significative  du  bruit  cit  obtenue 
dans  tom  I’are  amont  Un  autre  grand  intdtdt  d'une  tuydre 
coovergeme-divergeme  eit  qu'eile  rdduii  le  bniit  d’onde  de 
choc  non  teulemem  au  point  d'adapiation  mais  pour  une  large 
plage  du  panmdtre  P  (c'est-i-dire  du  rapport  de  ptession).  U 
eat  dgaleinent  intdressant  de  reinarquer  que  la  rdducoon  du 
bruit  d’onde  de  choc  en  voi  eat  supdrieure  h  ceile  en  statique. 
La  figure  17,  exnite  de  [43],  illusire  ces  rdsultats.  Le  cw  de 
vol  correspond  h  la  vilcsae  de  120  it^s  simulde  dans  une 
soufilerie  andchoKfue. 

D'auttea  procddds  ont  dtd  esuyds  pour  briser  la  structure  des 
cellules  d'un  jet  supenonique  aous-ddtendu.  Leur  efficaciid  eat 
infdrkore  i  ceile  du  convergent-divergent  Une  technique 
teiaiivetnent  simple  consisie  h  utiliser  des  pareis  pofcuses  pour 
modifier  la  structure  adrcdynamique  de  I'dcoulement 
supereonique.  L'utilisatiao  d’un  corps  central  porena  a  fiut 
I'objet  de  plusieura  dtudes  [49,  JO,  Jl]. 

3.  SOUFFLERIB  ANECHQIOUE  CEPRA  19 

IL  Ptflnitiofl  da  bwiM 

Dans  le  eonteaie  de  la  perturbation  de  I'environnement  les 
mesures  acoustiques  du  bruit  d'un  avion  doivent  dire  faites  en 
conditions  de  champ  lointain,  c'esl-h-din  que  la  distance  de  la 
source  acousiique  au  point  de  mesure  doit  dtre  grande  par 
rapport  I  I'svion  et  tux  longueun  d'onde  examindes.  Si  Ton 
vent  dviier  le  codt  irds  dievd  des  essais  en  voL  lea  essais  sur 
maqueoea  doivent  tlort  dtre  effcctuda  dans  une  chambre  de 
mesure  dont  lea  dimensiona  tom  grandes  par  rapport  I  eeltea 
da  la  maquetie  et  dom  lea  paroia  tom  traiidea  de  fafon  I 
simuier  une  propagaiian  en  miliea  libre  infinL 

Let  similiiudet  de  Mach,  de  Reynolda  et  da  Sireohat  dtam 
incompatiblea.  la  plupart  dea  essais  adroacoustiquea  sur  lea 
toion  et  les  jets  tont  faiu  en  timiliiudea  compatibles  de  Mach 
et  da  Suouhal  et  it  eat  admit  qua  I'dcatt  en  nombn  de 
Reynolds  a  un  efTct  ndgligeaUe.  Ainti,  entre  let  condidona 
rdellet  et  les  essais  sur  maquettea,  les  viiessea  tom  conservdca 
et  lea  frdquencet  tom  tugmemdes  dans  I'invetie  da  rapport  dea 
longueurs. 

Pour  let  maehinea  toumamea  (toufflamet  et  eomptcaaeun),  il 
fam  disposer  de  maquettea  compiexet  et  da  leur  motoritaiion. 
Le  poim  ne  sen  pu  ddveloppd  ici  car  I'inttallation  CEPRA  19 
n’eai  pat  encore  dquipde  pour  emralner  dea  rotora  de  grandee 
dimensiona. 

Pour  let  jctt,  la  figure  IS  permet  de  suivre  I'enchatnemem  dea 
implicaiiona  Pour  simuier  le  fonctionnemem  en  vol 
(cf.  paragriphe  2.2),  le  ou  les  jeu  de  la  maquetie  de  moteur 
doivent  se  ddvelopper  dans  un  dcoulemeni  uniforme.  c'est-S- 
dire  dans  le  cArie  poieniiei  du  jet  libre  da  la  souffierie 
reproduisam  la  vitesse  de  vol.  D'auire  part,  le  plan  d'djecdon 
des  maquettet  de  luybret  doit  se  irouver  suffisammem  loin  du 
brod  de  la  tuyire  de  la  souffierie  pour  permettre  des  mesures 
acoustiques  en  zone  calme  dans  I'arc  amont  des  maqueties. 
L'ensemble  de  ces  exigences  n'est  pas  rempli  dans  let 
installations  anciennet.  La  figure  II  montre  que  I'inttailation 
CEPRA  19  : 

•  permet  de  fain  des  mesnics  jusqu'S  prts  de  160*  fcomptds 
h  panir  de  I'axe  du  jet), 

■  permet  aux  jets  ^s  maquettet  de  re  dtvelopper  en 
dcoulemem  homogbne  sur  environ  I  m. 


Figure  IS  SchAmadeprincipe  d'une  expdriencedebtukde  jet 
h  CEPRA  19, 

I'Convergem  de  la  souffierie. 

2- Zona  de  mAlange  de  la  veina  libre  de  la 
tottffkfie. 

3-  C6ne  potentiel  de  la  veine  libre. 

4-  Maquetie  de  luyAre. 

5- RAgicn  dea  aouicea  acoustiquet  dea  jeia  da 
maquenes  de  tuytrea. 

Cette  demitre  distance  implique  que  le  diamtoe  dea  maqueoea 
de  inyAiea  ne  doit  pu  dApasser  10  cm,  s’il  eat  admit  que  touwa 
let  sources  acoustiquM  importantea  sons  tiluAu  k  moina  de 

10  diamAtret, 

Pour  un  tAacieur  de  1  m  de  diamAtre,  I'Achelle  de  lAducdon  eat 
alora  de  l/IO. 

3.1  PossibiliiAs  actuellea  de  I’inaallation 

La  viteau  de  touffiige  reproduisam  lea  conditiona  de  vol  eat 
rAglabie  entre  0  et  100  nVs. 

Lea  maqueoea  da  tuyArea  peuvem  reccvoir  deux  fiux  distincts 
d'air  comprimA : 

•  le  flux  central  peui  avoir  un  dAbit  de  4  kg/s  avec  un  taux  de 
dAtente  de  3,4  et  une  tempArature  de  300  k  1 100  K  obtenue 
par  combuttioa  de  propane  ; 

•  la  flux  extArieur  peut  avoir  un  dAbit  de  17  kg/s  avec  un  ouu 
de  dAtente  de  3,4  et  une  tempArature  de  300  A  400  K. 

Cea  paramAtrea  cotrespondem  Men  au  domaine  dea  aviona  de 
transports  tubtoniquu  ;  ils  nAceasiicnt  des  modificationa  pour 
lea  aviona  da  aansport  supersoniquu  et  pour  let  aviona  de 
combat. 

3.3.  Modifications  orAvuea  eour  les  aviona  de  ttaninott 
UESKoigiia 

Une  modification  imponante  prAvue  conceme  I'augmentation 
de  la  vitesae  de  voi  timulAe.  Comnc  il  a  AtA  expliqud  au 
pangraphe  3.1,  il  n’est  pu  touhaiuble  de  changer  It 
configuration  gAomAlrique.  Si  le  disunAtre  de  veine  libre  de 
souffierie  (2  m)  est  cooservA.  une  augmentation  de  vitesse  ne 
peut  Atre  obtenue  que  par  une  augmenution  de  dAbit  Compte 
tenu  de  la  rAserve  de  puissance  sur  le  moteur  de  la  souffierie, 

11  est  prAvu  de  faire  passer  prochainement  la  vitesse  maximale 
k  120  m/i  (voire  130  itVs),  au  prix  de  tnvaux  qui  ne  seraiem 
pu  trap  Imponanta. 

Cette  nouvelle  vitesae  correspond  bien  aux  viiesaes  de 
dAcollage  ou  d'approche  d'un  avion  de  transport  supenonique 


tnais  elk  sen  encore  insufftsante  pour  sitnukr  un  tuivol 
d’avion  de  combet  i  basse  aiiitude. 

3.4.  Perroectives  ultfrieures 

Une  Vitesse  de  soufflerie  supdrieure  i  120  m/s  pouirait  im 
obtenue.  sans  toucher  au  groupe  motoventilaleur.  par  rdduction 
de  diomdlre  de  la  tuydre  de  .veine  libre,  dans  le  cadre  d'un 
compromis  avec  les  exigences  lappekes  au  paragraphe  3.1. 

Pour  un  avion  de  combat  les  taux  de  ddtente  de  jet  primaire 
actuellement  disponibtes  peuvent  etre  jugds  insuffisanis.  La 
possibilitd  d'augmenter  le  taux  de  ddtente  primaire  est 
actuellement  examinde.  Ce  besoin  rejoindrait  d'dventuelles 
demandes  concemant  les  lanceuti  spatiaux. 

Enfin,  pour  en  revenir  aux  parties  toumanies.  une  dtude  sur 
kur  motorisation,  soil  dlectrique,  soil  par  turbine  It  ak 
cowiprimd.  va  dtre  conunencde. 

CONCLUSION 

Cette  communication  monae  qu’un  effort  considdrxble  a  dtd 
consenti  au  coun  de  ces  quatre  demidres  ddcennies,  depuis 
ravdnement  des  avions  d  rdaction  civils,  pour  prdvoir  et 
rdduire  k  bruit  des  turbordacteurs.  Les  invaux  onl  pond 
essendelkment  sur  les  deux  sources  sonores  prdpooddranies, 
tea  compiesseurs  et  les  jets.  Oes  analyses  thdoriques 
approfon^es,  des  mdthodes  de  diagnostic  originales  et  des 
instalkbons  d'essais  spdciaies  ont  did  ddveloppdes.  de  sorte 
que  lea  mdcanismes  gdndnieun  de  bruit  sont  maintenant  bien 
compris.  Oes  diudes  intensives  continueni  touiefois  d'tiie 
mentks,  par  exempk  pour  k  transport  supenonique.  car  tout 
lea  proUdmes  tom  loin  d’tire  idsolus.  eertainement  k  cause  de 
k  compkxitd  des  phdnontdnet  physiques  en  jeu ;  en 
particulier,  il  n'exisie  toujour*  pas  de  mdthode  de  prdvision  du 
bruit  de  jet  purcmenl  thdorique.  c'est-i-dire  ne  recourani  pw 
k  des  facieui*  semi-empiriquet  ddduitt  de  I’expdrience. 

La  nuisance  acousdqu*  pioduiie  par  kt  avion*  de  combat  ne 
tuKiie  de  I'intdidl  que  depuis  quelques  anndes  seulement  et 
aucune  meture  n'a  encore  dtd  prise  pour  rdduire  I'dmistion 
sonore  de  leuis  moteurs.  Ceux<i  possddeni  ceitaines 
caneidtitiiques  spdciTiquet  (citont  entre  autre*  la  post¬ 
combustion)  et  il  seraii  illusoire  d'espdier  transposer 
diwctement  le*  tuccds  obtenut  en  aviation  commetciak. 
Cependant.  grlcc  aux  acquis  qui  vienneni  d'dtre  rappeids,  des 
ptofid*  asset  rapidet  sont  envisageabks  si  des  programmes  de 
recherche  orienidt  sur  le  domaine  miliiaire  sont  mis  en  place. 
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Discussion 


QUESTION  BT:  W.B.  d«  Wolf,  NLR,  Th«  Natherlandt 

To  ay  undorstandlng  rotor- acacor  interaction  noiaa  la 
generated  by  rotor  wake  Inplngoment  on  the  downatreaa  atator 
bladea  which  act  aa  the  prlaary  nolae  aourcea. 

The  nolae  froia  the  atator  bladea  propagatea  upatreaia  and 
paaaaa  the  rotor  where  It  nay  be  aeaaured  by  slcrophonea  on 
the  rotating  bladea  aa  In  your  teat  aet-i-.p. 

Could  you  relate  the  anplltude  of  the  preaaure  fluctuatlona 
on  the  rotor  bladea  to  poaalbly  aeaaured  preaaurea  on  the 
atator  bladea  or  aound  preaaure  levela  In  the  Intake  duct  or 
outaide  the  Inlet? 

AOTHOB'S  RESPONSE: 

I  agree  with  your  nodel  of  rotor-atator  interaction.  However, 
there  la  probably  alao  an  Interaction  between  the  rotor  and 
the  atator  (outlet  guide  vanea,  OCV)  potential  field.  For 
Inatance,  the  llnea  f  •  VN  >  98  N  In  the  blade  preaaure 
apaetra  of  Fig.  6  auiy  be  due  both  to  thla  potential  field  and 
to  the  acouatlc  wavea  generated  on  the  atator  vanea.  It  aaena 
vary  difficult  to  aeparata  theae  two  conponanta.  It  la  the 
reaaon  why  we  have  not  attenpted  to  relate  the  aaiplltude  of 
the  preaaure  fluctuatlona  on  the  rotor  bladea  to  that  on  the 
atator  vanea. 

Moreover,  the  rotor  under  study  here  (68  bladea)  has  a  vary 
high  solidity.  It  la  thus  aasuned  chat  Che  acoustic  waves 
generated  on  the  OCV  mainly  radiate  downstream,  end  not 
upstreea  through  Che  blade  row.  This  la  not  shown  In  the 
paper,  but  it  may  be  deduced  from  OCV  pressure  meeauremencs 
presented  In  Ref.  10.  The  explanation  la  the  following  one. 
The  OCV  pressure  fluctuations  are  not  modified  with  or 
without  Che  inflow  control  device  (ICD,  or  "Filter 
cranqullllaacaur"  In  Fig.  S).  On  the  contrary  the  noise 
levels  radiated  upstream  are  reduced  by  about  10  dB  with  the 
ICD. 
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SUPERSONIC  ACOUSTIC  SOURCE  MECHANISMS  FOR  FREE  JETS  OF  VARIOUS  GEOMETRIES 
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summary 

The  aeroaoouatic  partonnance  of  aeveral  genarle 
nozzle  geometriea  waa  tested  to  evaluate  the  potential 
benefits  of  using  non-round  |et  exil  geometries  to  reduce 
noise  from  combat  miliiaiy  aircrafL  Both  the 
aerodynamics  and  far  field  acoustics  of  several  •  1.5 
and  2.0  routxL  sHiptic,  and  rectangular  nozzles,  induding 
an  ADEN,  were  studied  to  assess  noise  amission.  The 
nozzles  wore  operated  to  jet  total  temperatures,  T,  > 
IIOfTR,  and  the  data  scalod  to  constant  thrust  The 
data  wore  propagated  to  1500  ft.  and  corrected  to 
perceived  noise  level.  The  aerodynamic  resulta  of  the 
study  show  that  the  nort-round  nozzle  geometries  mix 
much  faster  with  the  surrounding  medium  than  does  an 
equivalent  round  nozzle  plume.  Both  the  ADEN  and 
elliptic  nozzles  provida  significant  reduction  of  noise,  5  to 
7  PNdB.  along  the  major  axis  diroction  with  little 
expected  impect  on  nozzle  performance.  Shodc  noise 
processes  are  eliminated  for  elliptic  nozzles,  but  are  stM 
significant  w.Jt  rectangular  nozzles.  Comparison  of 
measurements  to  theoretical  predictions  of  noise  using 
the  quasi-linear  instabiliiy  wave  model  damonstratee 
good  quatttattve  agreement. 


UST  OF  SYMBOLS 

a,  amblant  sound  speed 

O,  area  equivalent  diameter 
h  rectangular  nozzle  exit  heighi 
1.  length  of  potential  core 

M,  turbulence  convection  Mach  number 
M«  nozzle  exit  design  Mach  number 
M,  jet  exhaust  Mach  number 
Mj  fully  expanded  |at  Mach  number 

P,  ambient  pressure 

P,  Jet  static  pressure  at  nozzle  extt 
P.  jet  total  pressure  at  nozzle  entraiKe 
P.  local  jet  static  pressure 
R  radial  jet  coordmaie 

T,  Jet  total  temperature  at  nozzle  entranoe 

U, U«  local  and  centerlino  jet  velocity 

U,  jet  exit  centerline  velocity 

V,  turbulent  convection  velocity 

V  fully  expanded  jet  velocity 
X^,X,  axial  jet  coordinate 

o  V/V, 

P.(».  (M,*  -  1)''* .  (M,* .  D- 
e  empirical  shock  intensity  parameter 

y  ratio  of  specific  heats 

9  Mach  wave  angle  to  jet  axis 
p,.p,  jet  and  ambient  density 
S  azimuthal  angle  around  lat 

V  angle  to  jet  mist  axis 


J _ introduction 

This  paper  svahiatea  the  aeroacoustic  performance 
of  simple  non-round  nozzle  exit  geometries  as  a  means 
for  rsduction  of  noise  emittsd  by  high  performance 
mimary  enginaa. 

Nolae  reduction  aaaociatod  with  combat  military 
aircrall  typically  has  receivod  little  attention  at  the  design 
stage  due  to  concern  fur  unacceptable  performance 
trade-offa  that  could  significantly  compromise  the 
aircraft's  mission.  m  the  commercial  sector, 
unacceptable  nolae  amission  is  primarily  confined  to 
aircraft  operationa  concerning  take-off  and  landing  . 
Evan  with  this  much  simpiar  aircraft  mission,  there  exists 
no  successful  supersonic  commercial  jet  noise 
suppression  ooncapt  that  has  ever  succeeded  in  enabling 
achievement  of  exiating  noise  regulations  without 
requiring  exceptions.  The  Concorde  aircraft  contains  no 
suppression  concept  (Ref  1),  simply  because  «  could  not 
afford  any  performance  degradation  to  achieve  Ms 
mission  goals. 

The  reduction  of  noise  for  comoai  military  aircraft 
la  much  more  involved.  In  that  many  aircraft  missions 
require  penetration  at  lowaMMude  with  high  engine  power 
settings  for  disengagemsnt.  Few  combat  aircraft  are 
dasigited  with  suffitient  margin  to  permit  deployment  of 
engine  noise  suppressors  (Ref  2)  during  this  phese  of 
the  mission.  Unless  stowsbie,  engine  noise  suppression 
devices  would  signiticantfy  compromise  cnrise 
perfonnanoe,  and  therefore,  akcraft  range. 

The  relstionship  between  smHted  jet  noise  and 
aircrafi  dyrwnio  loads  appears  to  be  an  area  where 
noise  should  be  accounted  lor  m  the  aircrafi  design 
stage.  Twin  engine  fighters  and  bombers,  such  as  tor 
example  the  US  F- 15  (Ref  3)  and  B- IB  (Ref  4)  aircraft, 
have  experienced  ttnrctural  tatigua  failures  of  engine 
nozzle  external  Raps.  These  failures  can  be  associatsd 
with  noise  generated  by  the  high  speed  jets  at  low  flight 
Mach  numbers  (I.e.  typicelty  <  0.6).  Short  Take-Off 
Vortical  Landing  Aircraft,  such  as  the  McDonnell  Douglas 
AV-88  and  the  British  Harrier  aircrafi  (Ref  5),  are 
subjected  to  Htanse  structural  loads  at  high  tamperature 
due  to  ground  Impingomeni  and  scrubbing  cruise  loads. 

The  majority  of  noise  suppression  concepts 
discussed  for  commercial  applications  In  reference  2 
(*••  Table  I  of  Ref.  2)  are  not  appiicablo  to  combat 
afrcrafl.  This  is  due  to  existance  of  either  a  substantial 
performance  penally  or  use  of  an  engine  afterburner. 
Thus,  w»iHe  plugs  provide  noise  reduction  with 
performance  augmentation,  their  weight  and  need  lor 
eooNng  remain  unattractive.  The  inverted  vefoclly  profile 
offers  modest  noise  reductions  with  low  loss  of  nozzle 
performance,  although  efficient  utilization  , -squires 
availability  of  engms  secondary  flow,  which  for  most 
turbojets  is  severely  limited. 
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In  tnis  paper,  the  use  ot  generic  nozzle  geometries 
is  evaluated  as  a  means  to  achieve  reduction  of  jel 
noise  with  minimum  performance  ioss.  Non-round 
nozzle  exit  geometry  is  thought  to  provide  accelerated 
mixing  of  its  plume  with  the  surrounding  medium.  This 
could  produce  lower  jet  plume  speeds  and  consequently 
lower  noise. 

In  particular,  the  aeroacoustic  characteristics  of 
round,  elliptic  and  rectangular  nozzle  exit  geometries  are 
studied  experimentally.  These  generic  geometries  are 
evaluated  using  tx)th  hot  and  cold  jet  plumes,  with  jet 
total  temperatures  to  1 160°R.  Both  acoustic  far  field  and 
aerodynamic  flow  field  measurements  were  acquired  to 
evaluate  the  noise  reduction  mechanism.  Companson  of 
the  measured  far  field  sound  radiated  by  the  elliptic  jet 
is  made  to  the  prediction  of  Morris  and  Bhat  (Ref  6).  A 
brief  summary  of  the  principle  sources  of  supersonic  jet 
noise  is  included  to  provide  a  background  for  motivation 
behind  methods  of  jM  noise  suppression. 


2 _ SUPERSONIC  JET  NOISE  SOURCES 

Two  fundamental  differences  exist  betwaen  law  artd 
high  speed  jet  flows  that  have  an  important  effect  on 
what  is  observed  as  the  dominant  sound  production 
mechanism.  These  differences,  which  are  discussed 
below,  are  present  whan  turbulence  is  convected  at 
supersonic  speed  relative  to  the  ambient  sound  speed 
and/or  shock  waves  are  prsserrt  in  the  flow.  The 
second  phenomenon  requires  the  flow  to  be  super  sonic, 
but  the  first  phenomenon  also  occurs  with  heated 
subsonic  jets  (l.e.  M,  ■  0.85  ;  T,  >  1300*F).  Both 
mechanisms  are  known  to  emit  intense  noise  and  attain 
sufficient  energy  to  be  directly  visualized  by  standard 
optical  methods  as  shown  in  tne  spark  schKeren 
pfKkograph  of  figure  la. 


a.  Spark  schlieren  of  underexpanded  M,  ■  2 
unheated  jet,  P,  ■  P, 


b.  mltion  of  Mach  wave  angle,  8 

Figure  1.  Illustration  of  Mach  wave  emission. 


2a  -  Mach  Wave  Emission 

The  spark  schlieren  of  Figure  fa.  which  captures  a 
nearly  instamaneous  view  of  both  flow  and  near  acoustic 
fields,  was  acquired  using  a  horizontal  knife  edge  with 
spark  duration  less  than  0.1  p-sec.  The  pressure  waves 
that  appear  to  emanate  from  regions  along  the  jet  shear 
layer  edge  and  travel  downstream  are  produced  by 
turbulence  convected  supersonically  relative  to  the 
ambient  medium.  This  mechanism  was  first  described 
analytically  by  Phillips  (Ref  7).  who  termed  the 
mechanism  eddy  macf>  wave  emission.  Physically  the 
model  considers  the  radiation  to  be  generated  in  the 
same  manner  that  ballistic  waves  are  created.  Thus,  as 
illustrated  in  figure  lb,  Mach  waves  would  be  emitted 
from  the  shear  layer  at  an  angle, 

e  -  CDS  ’(1  /  M.)  -  cos  '(a,  /  aVJ 

where  a  -  V^,  •  0.7.  Here  V,,  V^,  and  M,  are  the  fully 
expanded  jet  end  turbulence  convection  velocitjes  and 
convective  Mach  number  relative  to  ambient  sound 
speed.  In  the  schliersn  example  of  figure  la,  the  jet 
flow  is  produced  by  a  convergent-divergent  nozzle  with 
a  design  Mach  number  Mj  ■  2.  The  nozzle  is  operated 
fully  pressure  balanced,  so  that  the  exit  static  pressure 
is  equal  to  ambient  pressure.  P,  >  P,.  The  air  llc.v  from 
the  nozzle  is  unheated.  With  these  operational 
conditiona  the  convection  velocity  and  Mach  wave  angles 
are  V,  ■  1175  ft./sec  and  0  -  16‘.  The  Mach  waves  in 
figure  1  appeer  inclinad  22*  to  the  jet  shear  layer 
boundary. 

/ 

Ffowcs  Williams  and  Makfanik  (Ref  8)  theoretically 
predict  that  acoustic  erH.rgy  emitted  by  the  e<^  Mach 
wave  mechanism  is  proportional  to  M/.  This  source 
strartgth  dependertce  on  convection  velocity  is  Indicative 
of  hli^  acoustic  source  efficiency.  In  the  direction  of 
Mach  wave  emission,  the  Individual  quadrupole  sources 
radiate  as  Individual  monopole  sources  with  no  net  near 
field  cancellation.  Because  of  this  high  source  efflclertcy, 
the  Mach  wave  mechanism  is  capable  of  converting 
between  0.1  and  1  %  of  the  jet  mechanical  energy  to 
noise.  This  noise  is  radiated  at  narrow  angles  to  the  jet 
axis  as  defined  by  the  Mach  angle.  At  angles  beyond 
this  angle,  source  etficleivcy  drops  lo  that  associated  with 
quadrupole  emission,  which  is  in  the  order  of  0.01  %  of 
the  let  mechanical  power. 

Noise  reduction  concepts  that  would  seek  to  reduce 
the  convection  velocity  of  sources  to  subsonic  should 
substantially  reduce  noise  In  consideration  of  the  change 
In  source  efficiency.  Typically  the  jet  velocity  Is  lowered 
by  forced  mixing  with  the  external  stream,  as  in  the 
application  of  mixer  lobes  with  ejectors.  This  paper,  as 
shown  below,  consxfers  me  use  of  non-round  nozzle 
exit  geometry  to  achieve  enhanced  mixing  and  lower  jet 
speeds. 

2b  r.  Shock  Noise 

An  equally  importarn  noise  source  lor  supersonic 
jets  is  associated  with  the  convection  of  turbulence 
through  plume  shocks.  The  schlieren  photograph  of 
figure  2  also  shows  noise  radiation  from  this  mechanism. 
This  can  be  observed  as  those  circular  ray  centered 
regions  that  originate  for  locations  in  the  shear  layer 
where  the  obique  shocks  terminate.  The  noise  from 
this  mechanism  dominates  acoustic  emission  In  the  jet 
inlet  arc  0  S  IX  s  90*.  A  broadband  frequency  spectrum 
results  from  the  interaction  of  turbulence  with  a  shock, 
with  an  energy  peak  that  is  Doppler  dependent.  When 
the  shock  cell  spacxtg  is  a  near  xtteger  multiple  of  the 
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Figura  2.  Spark  schlieren  of  unPeraxpanded  unheated 
sonic  jet  illustratir^  broadband  shock  noise  and  eddy 
Mach  wave  emission  (M,  >  1.8). 


wavefengih  associated  with  the  most  highly  amplified 
frequency  of  the  shear  layer,  the  shock  cells  oscillate  at 
that  frequency  producing  what  is  known  as  jet  screech. 
This  mechanism  requires  feedback  of  acoustically 
generated  noise  to  the  nozzle  to  be  maintained.  A 
comprehensive  review  of  the  literature  on  shock  noise 
can  be  found  in  Seiner  (Ref  9). 

Like  the  Mach  wave  mechanism,  the  shock  noise 
source  mechanism  is  extremely  efficient.  Figure  3 
shows  the  relatively  large  increase  in  noise  radiated  at 
y  a  30*  that  is  associated  with  jets  which  are  operated 
off-de^  in  either  the  overexpanded  or  underexpanded 
mode.  The  solid  curve  is  established  from  data 
associated  with  convergent-divergent  (C-0)  nozzles 
operating  at  their  design  points,  so  that  no  shock  noise 
is  present.  AN  other  data  in  figure  3  is  associated  with 
jet  plumes  that  contain  shocks  and  thus  produce  shock 
noise. 
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Figure  3.  Advantage  of  shock  free  nczzle  design. 


Sevoral  combat  aircraft,  the  USAF  F-IS  beirrg  a 
representative  example,  have  nozzle  area  ratio  schedules 
that  lie  near  the  M,  -  i.S  design  point.  For  an  ideal 
laboratory  type  nozzle  designed  for  M,  >  i.S.  open 
circular  symbols  in  figure  3.  operation  at  off-design 
nozzle  pressure  ratios  leads  to  a  large  increase  m 
emitted  sound.  The  data  in  figure  3  is  shown  in  terms 
of  the  fully  expanded  plume  Much  number  M.  and  the 
sound  pressure  level  in  d8  re.  0.00002  N./m'.  The  fully 


expanded  Mach  number  Is  determined  from  the  nozzle 
pressure  ratio  through  the  isentropic  relations, 

.  ((2/(r1))((P/PJ'**"^  •  1))’* 

whore  PJP,  is  the  nozzle  pressure  ratio.  Point  A  in 
figura  3  is  the  nozzle  design  point,  point  B  is  in  the 
direction  of  urtderexpanded  operation  and  poim  C  in  the 
direction  of  overexpiuxled  operation.  Both  points  B  and 
C  represent  those  points  where  Mach  discs  begin  to 
form  in  the  plume.  Between  points  C  and  B  plume 
shocks  can  be  considered  weak. 

The  sound  pressure  level  amplitude  increase, 
between  shock  free  and  non-shock  free  nozzie  operation, 
can  be  seen  to  be  substantial.  At  points  C  and  B,  the 
noise  level  increase  is  between  12  and  13  dB.  As  a 
means  of  comparison,  figure  3  shows  the  degree  of 
shock  noise  generated  by  an  equivalent  thrust  C-0 
nozzle  designed  using  conical  segments  and  a  throat 
with  a  smaN  constant  area  section.  The  nozzie  design 
Mach  number  is  again  M,  ■  1.5.  The  use  of  conical 
segments  is  typical  of  aH  military  aircrall  engines  and 
helps  achieve  operation  of  variable  area  throat  and 
nozzle  area  ratio.  The  nozzle  design  shape  was  chosen 
to  emulate  the  P&W  F100  engine  nozzle  for  operation  of 
the  F-15  aircraft  at  cruise  power  setting. 

The  data  of  figure  3  show  that  a  emaR  increase  in 
shock  noise  occurs  at  points  C  and  B,  but  that  a 
significam  9  to  10  dB  increase  in  shock  ndse  occurs 
even  at  the  conical  C-O  nozzle  design  point  Thus, 
even  though  there  Is  a  modest  decrease  in  shock  noise 
amplitude,  the  variable  area  conical  nozzle  does  not 
rspmsant  an  adequate  method  for  achieving  shock  noise 
control.  To  evaluate  the  shock  noise  reduction 
associated  with  the  use  of  the  nozzle  divergent  flap, 
compare  the  conical  C-0  data  to  that  of  a  convergent 
nozzle  whose  thrust  is  equivalent  at  the  Mach  1.9  design 
point.  Only  a  3  dB  decrease  in  noise  can  be  associated 
with  the  use  of  a  nozzle  divergent  flap. 

The  shock  noise  amplliude  can  be  related,  as 
expectsd,  to  the  strength  of  shocks  in  the  jet  pluma. 
As  discussed  m  Ref.  9.  the  shock  ndse  intensity,  I,,  is 
proportional  to  the  pressure  jump  across  snock  waves  as 
expressed  by. 

I,  -  HJ*(1 t(M*,  •  M'J* 

where  P  •  (M,'  ■  1)'*  Is  a  parsmster  relating  the 
pressure  jump  across  a  normal  shock  to  the  Irsestream 
Mach  number  M,.  For  perfectly  balanced  jets,  where  M, 
■  M^  the  above  equation  would  predici  I,  ■  0,  as 
expected.  The  parameter,  t.  is  experimentally 
determined  and  is  found  to  Increase  with  the  nozzle 
design  Mach  number.  Figure  4  compares  prsdidion  of 
shock  noise  using  the  above  equation  to  data  measured 
for  throe  dllersnt  supersonic  nozzles.  The  jet  total 
temperature  lor  this  data  Is  ambient.  The  data  is 
associated  with  acoustic  measurements  at  angle  y  ■■ 
90*.  fhe  jet  noise  is  subtracted  from  the  data  by 
computing  the  jet  noise  at  y  ■  90*  using  the  Stone 
Module  in  ANOPP  (Ref  10). 

For  underexpanded  nozzle  operatton,  M,  •  M,  >  0. 
the  data  and  prediction  In  figure  *  show  reasonable 
agreement  up  to  those  values  where  strong  shocks 
would  be  expected  In  tho  plume  and  non-isentropic 
losses  occur.  For  overexpanded  operation,  M,  •  M,  < 
0.  the  comparison  appears  unsatisfactory  even  with 
relatively  weak  shocks  in  the  jet  plume.  Figure  4  does 
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Figure  4.  Supersonic  exhaust  nozzle  shock  noise 
intensity  t,  at  y  -  90*. 


show  that  shock  noise  empiitude  increases  rapidly  away 
from  the  nozzle  design  point  and  increasns  with  nozzle 
design  Mach  number,  as  evtdeneed  by  the  .rcrease  in 
the  parameter  t  with  M,.  The  source  efficieriuy  of  shock 
noise  is  competitive  with  that  associated  witn  the  eddy 
Mach  wave  mechanism.  Depending  on  the  strength  at 
the  plume  shocks  and  flow  Mach  number,  t^tween  C  ' 
and  1%  of  the  jet  meehanicai  energy  can  be  converts- 
to  noise  by  this  mechanism. 

3  NOISE  REDUCTION  USING  NOZZLE  GEOMETRY 

In  the  last  section,  we  have  briefly  reviewed  the  two 
jet  noise  sources.  Mach  wave  emission  and  shock  noise, 
that  dominate  acoustic  emission  from  supersonic  jets. 
Their  reduction  requires  that  the  plume  region  for 
supersonic  convection  velocitios  be  minimized  end  the 
nozzle  operated  as  nearty  pressure  balanced  as  possible 
(exhaust  static  pressure  equal  to  ambient)  to  minimize 
shock  strength.  To  achieve  these  goals  and  not 
compromise  aircraft  performance  represents  a  significant 
challenge. 

The  research  of  Ho  and  Gutmark  (Ref.  1 1 )  shows 
that  an  aspect  ratio  2  tow  subsonic  elliplic  nozzle  can 
entrain  throe  times  the  jet's  own  msss  flow.  Evidently 
the  asymmetric  distortions  of  the  mean  flow  field 
Imposed  ty  the  nozzle  (/eometry  produce  an  unequal 
role-up  of  vorticity  in  the  initial  shear  layer.  The  three 
dimensional  vortex  role-up  leads  to  rapid  mixing  of  the 
plume  with  external  stream  air  and  cor.sequently  lower 
average  jet  flow  field  velocities. 

Recant  research  (Ref.  12)  has  also  shown  that 
enhanced  mixing  can  be  achieved  using  supersonic 
elliptic  nozzles.  The  supersonic  nozzle  used  in  this 
study  was  designed  with  an  aspect  ratio  of  2  to  produce 
a  shock  free  plume  at  M,  n  1  52.  this  prior  study 
demonstrated  that,  m  the  pnnciple  direction  of  let  ncKse 
emission  (100*  S  v  S  '65”).  the  elliptic  nozzle  reduced 
the  OASPL  between  6  and  8  dB  relative  to  an  equal 
thrust  and  mass  flow  round  nozzle  in  the  direction  of  the 
nozzle  maior  axis.  Larger  noise  reductions  were 
detected  m  the  direction  of  peak  shock  noise  emission, 
since  the  elliptic  nozzle  design  provided  an  essentially 
shock  free  plume.  Along  the  directxin  of  the  nozzle 
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minor  axis,  no  change  in  the  OASPL  was  detected. 
These  results  were  most  encouraging,  sitKa  only  small 
losses  m  nozzle  thrust  coefficiem  could  be  expected. 

The  p^  supersonic  elliplic  nozzle  results  were 
acquired  using  unheated  supersonic  plumes.  In  an  effort 
to  arrive  at  a  more  accurate  account  of  the  noise 
reduction  potential  of  such  nozzles,  a  series  of  tests 
were  conducted  with  round,  elliptic  and  rectangular 
nozzles  with  plumes  heated  to  jet  total  temperatures 
T,  -  t160*R. 

4  EXPERIMENTAL  CONFIGURATION 

Two  round  nozzles  were  used  for  this  study,  one 
was  designed  for  M,  ■  1.5  "nc  the  other  for  M,  -  2.0. 
Two  rectangular  nozzles  vr  also  studied.  One  was 
actually  an  ADEN  (augmr  deflector  exhaust  nozzle) 
with  design  Mach  number  of  M,  ■  1.5  and  aspect  ratio 
of  2.  The  deflector  flap  extended  from  the  nozzle  hxit 
a  distance  3.5h,  where  h  Is  the  nozzle  exit  height.  The 
sidewalls  of  this  nozzle  are  parallel.  The  other 
rectangular  nozzle  was  designed  tor  Mach  2  with  an  exit 
aspect  ratio  7.6.  The  sidewaHt  of  this  nozzle  were  also 
parallel.  For  this  study,  a  new  M,  ■  1.54  elliptic  nozzle 
with  aspect  ratio  2  was  constructed  to  withstand  the 
elevated  temperature.  In  addition,  a  M,  -  2.0  elliptic 
nozzle  with  aspect  ratio  3  was  designed  and  constructed 
for  these  studies. 

Both  the  M,  ■  1.5  round  and  ADEN  nozzles  have 
nearty  equivalent  exit  areas  of  2.217  and  2.161  In', 
respectively.  The  M,  ■  1.54  and  2.0  elliptic  nozzles 
have  respective  ext.  areas  of  1.571  and  1  506  in’.  The 
scale  size  of  these  nozzlec  is  of  concern  in  scaling 
acoustic  data  to  full  scale  PNt.  values.  This  scaling  ia 
of  course  necessary  to  fully  evaluate  any  acoustic 
reduction.  Relative  to  the  F- 15  aircraft,  the  round  and 
ADEN  nozzles  are  1/1 5lh  scale  nozzles. 


Figure  5  Photograph  of  M,  ■  1  52  aspect  ratio  2 
supersonic  elliptic  nozzle. 


Figure  5  shows  a  photograph  of  the  M,  ■  1  52 
elliptic  nozzle  with  a  surrounding  array  of  near  field 
microphones  arranged  alyig  a  fixed  coordinate  ^n  an 
elliptical  cyiinOrical  coordnate  system.  These 
microphones  were  used  m  Ref,  12  and  13  to  determine 
that  the  axisymmetric  mode  is  the  dominant  spatial  mode 
of  instability  tor  the  shock  free  plume.  In  thu  presfint 
study,  these  near  field  microphones  are  not  used. 
Instead  a  21  element  linear  array  of  far  field 
microphones,  as  shown  m  figi>re  6.  iS  used  to  acquire 
far  field  acoustic  data.  Mtorophones  22  through  25  were 


/ 

/ 


Figure  6.  Diagram  of  microphona  array  system  in  JNt_ 

added  to  enable  acquisition  of  data  at  high  angles  of  y. 
Data  from  these  microphones  were  scaled  to  12  ft.  linear 
array  distance.  The  nozzles  were  located  at  different 
positions  in  the  anechoic  room  to  allow  acquisition  of 
data  at  low  angles  of  y.  Azimuthal  data  for  non-round 
nozzles  were  obtained  by  rotation  of  the  nozzle. 
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Figure  7.  Comparison  of  M,  ■  1.5  elliptic  and  round 
nozzle  centerline  velocities. 

highly  amplified  wave  of  the  jet  shear  layer  achieves 
maximum  growth.  Beyond  this  point  the  wave  rapidly 
disintegratos  into  smaller  scale  structures.  The  data  of 
figure  8  show  the  axial  distribution  of  momentum 
thickness,  defined  by, 

e  «  /‘(pU/(pU)a)(1-(UAJ„)dR 
0 


The  microphone  data  were  acquired  by  a  20 
channel  simultaneous  sample  and  hold  12  bit  A/0 
converter  using  a  200  kHz.  sample  rate.  The  sample 
size  was  2S6k  per  record.  A  low  noise  20  channel 
amplifier  with  a  100kHz.  low  pass  filter  was  used  ahead 
of  the  /VO  converter  The  time  data  was  stored  on 
optical  disk  for  later  FFT  batch  processing.  All  acoustic 
and  aerodynamic  data  wore  acquired  in  the  NASA/LaRC 
Jet  Noise  Laboratory  (JNL). 

/terodynamic  data  associated  with  the  round  and 
elliptic  ■  1.5  and  2.0  nozzles  were  acquired  using 
the  JNL  digital  traverse  system  with  3-axis  positional 
accuracy  of  ±  0.001  inch  over  its  entire  span.  A  total 
pressure  probe,  designed  for  supersonic  flow,  was  used 
to  determine  the  jet  velocity.  Only  aerodynamic 
measurements  at  a  jet  total  temperature  of  564'R  are 
available.  The  JNL  electric  heating  system  was  used 
to  acquire  acoustic  data  to  1160°R. 

5  MACH  1.5  ELUPTIC  NOZZLE  COMPARISON.S 

5a  -  Aerodynamic  Data 

Only  shock  free  supersonic  plume  data  is  reported 
in  this  study.  Figure  7  compares  the  centerline  velocity 
between  round  and  elliptic  Mach  1 .5  nozzles.  The  data 
are  normalized  by  the  jet  exit  centerline  velocity.  U,. 
Both  jets  are  operated  fully  pressure  balanced  at  T,  > 
S64*R.  The  axial  distance  is  normalized  by  an  area 
equivalent  jet  diameter,  0^.  The  elliptic  nozzle  plume 
clearly  decays  at  a  much  faster  rate  than  an  equivalent 
round  nozzle  plume.  The  centerline  velocity  of  the 
efiiptic  nozzle  reaches  subsonic  speed  relative  to  the 
ambient  medium  at  X/D^  =  10.5.  The  same  point  for 
the  round  nozzle  occurs  at  X/0.  >  14.5.  One 
explanation  for  this  result  is  associated  with  asymmetric 
distortion  of  the  jet  column  produced  by  three 
dimensional  turbulent  decay  of  jet  targe  scale  structure. 

If  one  assumes  that  the  axial  location  where  Ll/U. 
5i  0.98  defines  the  end  of  the  potential  core.  L,.  then  the 
elliptic  nozzle’s  potential  core  length  is  5  0^.  The  end 
of  the  potential  core  is  also  the  location  where  the  most 


As  can  be  seen,  the  initial  major  and  minor  axis 
momentum  thicknesses  are  nearly  equal.  In  the 
potential  core  region,  the  major  axis  momentum 
thickness  grows  at  only  a  slightly  lower  rate  than  along 
the  minor  axis.  Thus  no  distortion  of  the  jet  column  can 
be  observed  tor  most  of  the  potential  core  region. 


Figure  8.  Axial  devetopment  of  major  and  minor  M,  ■ 
1.5  elliptic  nozzle  momentum  thickness. 

Near  the  end  of  the  potential  core,  the  momentum 
thickness  along  the  major  axis  grows  much  taster  than 
along  the  minor  axis.  The  minor  axis  growth  rate 
remains  unchanged.  This  rapid  growth  of  the  major  axis 
momentum  thickness  occurs  at  an  axial  location  close  to 
the  vicinity  where  the  dominant  spatial  mode  (See  Ref. 
13)  achieves  maximum  amplification  bsforo  undergoing 
rapid  distonion. 

5b  -  Reduction  of  Mach  Wave  Emission 

The  elliptic  nozzle  aerodynamic  data  ot  the 
preceding  section  shows  that  the  axial  length  for 
supersonic  flow  is  less  than  for  an  equivalent  round 
nozzle.  We  can  directly  investigate  the  reduction  of 
Mach  wave  omission  by  comparison  of  acoustic  data  for 
jet  total  tomporaturos  where  the  convection  Mach 
number,  M,.  is  near  sonic  and  whore  It  is  much  greater 
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than  sonic.  Of  particular  interest  are  the  isothermal 
case,  for  which  theoretical  prediction  is  available  (Ref.  6). 
and  the  higher  temperature  condition,  where  T„  = 
1 160°R.  For  the  isothermal  condition  the  elliptic  nozzle 
conditions  are  p,  »  p,,  T,  -  765°R,  ©  »  20°,  and  M,  » 
1.065.  Thus  in  the  isothermal  »  1.5  jet  case,  the 
convection  Mach  number  is  barely  supersonic.  The 
Mach  wave  emission  will  occur  at  narrow  angles  to  the 
jet  axis.  For  the  higher  -jet  temperature  case,  the 
conditions  are  M,  ■  1.312  and  0  ■  40“.  Strong  Mach 
wave  emission  should  occur  at  much  higher  angles  to 
the  jet  axis. 

The  acoustic  data  is  acquired  using  the  linear  array 
of  microphones  shown  previously  in  figure  6.  Overall 
sound  pressure  levels,  for  both  the  round  and  elliptic 
M,  ■  1.5  nozzles,  are  presented  in  dB  in  figures  9a  and 
9b  as  a  function  of  the  nozzle  inlet  angle  y.  Figure  9a 
shows  comparison  of  round  and  elliptic  data  (major  and 
minor  axis)  for  the  isothemnal  condition.  Figure  9b 
shows  the  corresponding  higher  temperature  case.  The 
elliptic  nozzle  acoustic  data  are  scaled  to  the  thrust  level 
of  the  axisymmetric  nozzle  (i.e.  lOOiOS.). 
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also  show  the  shift  in  the  direction  of  radiation  with 
increased  M^.  The  angles  for  peak  noise  emission  differ 
from  the  predicted  Mach  wave  emission  angles  because 
the  data  is  presented  in  linear  microphone  array  format 
rather  than  along  a  circular  arc. 

To  appropriately  determine  the  benefit  of  the 
reduction  of  noise  by  non-axisymmetric  nozzle  geometry 
requires  that  the  data  be  scaled  to  full,  propagated, 
corrected  for  atmospheric  losses,  and  presented  on  a 
weighted  noisa  level  basis  (PNdB)  for  human  response. 


The  data  was  scaled  to  50000  lb.  of  equivalent 
thrust  at  a  sideline  distance  of  1500  feet  and  propagated 
through  a  standard  atmosphere  using  appropriate 
spectral  corrections.  These  conditions  are  representative 
of  a  two  engine  fighter  at  maximum  after-burner  power 
at  a  flight  Mach  number  of  0.4. 

The  acoustic  data  of  figure  10  compare  scaled 
results  for  the  &0  round,  rectangular  (ADEN),  and  M„ 
3  1.54  elliptic  nozzle  geometries.  All  plumes  have 
equivalent  jet  total  temperatures  T,  ^  1160°R  and  are 
operated  fully  pressure  balanced.  In  the  case  of  the 
ADEN  nozzle,  however,  plume  shock  strength  is  only 
slightly  reduced  by  the  nozzle  geometry. 

Figure  10a  shows  that,  along  the  direction  of  the 
elliptic  nozzle's  major  axis  (i.e.  ^  m  90°)  and  at  angles  y 
>  120°,  significant  noise  reduction  in  the  order  of  6  to '7 
PNdB  is  obtained  relative  to  the  reference  round  nozzle. 
At  these  angles,  which  represent  the  peak  noisa 
radiation  direction,  the  ADEN  performs  identically  to  the 
elliptic  nozzle.  At  angles  y  <  120°,  shock  noise 
processes  begin  to  influence  the  ADEN  nozzle’s  acoustic 
field  and  reduce  its  effectiveness  relative  to  the  round 
nozzle.  The  elliptic  nozzle  appears  to  provide  noise 
reduction  at  aH  angles  y  2  90°. 


a  •  T,  -  765°R  (Isothermal) 


f.  degrtas 

b  -  T,  -  1160°R 


In  the  direction  of  the  minor  axis  (i.e.  q  *  0°),  figure 
10b  shows  that  all  nozzle  geometries  produce  equivalent 
noise  radiation,  except  near  90°  where  the  elliptic  nozzle 
produces  2  to  3  PNdB  less  noise.  Figure  10c  shows  the 
same  data  as  figure  10b.  except  that  the  ADEN 
divergent  flap  now  lies  in  the  direction  of  the  microphone 
array.  Only  a  small  decrease  in  noise  is  observed  near 
an  angle  y  *  130*.  The  ^  >  180°  azimuthal  direction 
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Figure  9.  Reduction  of  Mach  wave  emission  by  elliptic  .o-  ‘ 

nozzles.  .i  t  .  r  e- 


The  acoustic  data  comparisons  of  figure  9  clearly 
show  that  Mach  wave  emission  is  substantially  reduced 
by  use  of  the  elliptic  nozzle.  In  the  Isothermal  case, 
only  small  reductions  are  evident  in  the  direction  of  the 
major  axis  (♦  «  90°)  in  the  peak  radiation  direction  y  > 
120°.  At  the  higher  temperature,  where  Mach  wave 
emission  is  stronger,  the  acoustic  reduction  relative  to 
the  round  nozzle  is  much  larger.  The  data  in  figure  9 
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a  -  y  >  90*  (major  axis  direction) 
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Based  on  this  spectral  comparison,  txxh  major  and 
minor  axis  directions  of  the  elliptic  nozzle  show  reduced 
acoustic  emission  relative  to  the  round  nozzle  near  peak 
spectral  emission.  The  reduction  in  acoustic  emission  in 
the  direction  of  major  axis  is  spectrally  uniform  relative 
to  the  minor  axis  direction.  In  general,  the  elliptic  nozzle 
reduces  peak  spectral  energy  at  low  frequency,  but 
radiates  higher  frequency  components  that  can  even 
exceed  those  associated  with  round  nozzles,  as  is 
evident  in  the  minor  axis  direction.  The  difference  in 
spectral  peak  amplitude  levels  between  major  and  minor 
axis  directions  is  an  indication  that  the  turbulence  large 
scale  structure  is  highly  three  dimensional  at  the  end  of 
the  jet  potential  core. 

S _ MACH  2  ELLIPTIC  NOZZLE 


b  •  ^  -  0*  (minor  axis  direction) 


6a  •  Aerodynamic  Data 
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Certterfine  velocity  measurements  were  aiso 
acquired  for  a  -  2.0  aspect  ratio  3  elliptic  jet.  These 
results  are  shown  in  figure  12  in  comparison  to  those 
previously  acquired  for  a  round  M,,  ■  2.0  nozzle.  The 
data  is  normalized  by  the  jet  exit  centerline  velocity  and 
area  equivalent  diameter.  Both  nozzles  are  operated 
fully  pressure  balanced,  as  evidenced  by  the  relative 
smoothness  of  the  velocity  profiles.  This  data  indicates 
that  the  M,  ■  2  elliptic  nozzle  mixes  faster  than  the 
equivalent  round  nozzle,  but  does  not  do  as  well  as  the 
M,  >  1.52  elliptic  nozzle.  The  potential  core  length  of 
the  elliptic  nozzle  is  L,  a  9  whereas  the  round 
nozzle  is  U  ■  1 1  This  result  may  be  attributed  to 
the  use  of  a  higher  nozzie  aspect  ratio,  where  from  the 
results  of  Ref.  14,  higher  aspect  ratio  supersonic 
rectangular  nozzles  mix  slower  than  lower  aspM  ratio 
nozzles. 


Figure  10.  Scaled  acoustic  data  for  various  nozzle 
geometries. 

represents  a  vector  pointed  above  the  aircraft  based  on 
the  intended  design  of  the  ADEN. 

The  angle  y  >  128*  represents  the  peak  noise 
emission  direction  for  the  round  nozzle.  Figure  11 
compares  spectra  obtained  at  this  angle  with  the  M,  « 
1.54  elliptic  nozzle  at  azimuthal  directions  tying  alc^ 
the  minor,  y  s  o°.  and  major  axis,  s  >  90*.  directions. 
Also  included  is  a  spectrum  of  the  M,  >  1.5  round 
nozzle  corrected  to  the  thrust  of  the  elliptic  nozzle. 


Figure  11.  Spectral  Comparisons  of  elliptic  and  round 
jot. 


Figure  12.  Comparison  of  M,  ■  2  eiliptic  and  round  jet 
centerline  velocity. 

In  figure  13,  the  axial  momentum  thickness,  8, 
along  both  minor  and  major  axes  do  not  show  the  same 
trend  as  observed  with  the  lower  Mach  number  elliptic 
nozzle.  While  both  axes  start  with  apparently  equal  and 
small  8.  the  major  axis  grows  much  faster  throughout  the 
potential  core  region.  In  the  potential  core  region,  the 
minor  axis  momentum  thickness  has  an  ktentlcal  growth 
rate  to  the  equivalent  round  nozzle.  Beyond  the  region 
of  the  potential  core.  X/D.  >  9.  the  minor  axis  8  begins 
to  grow  faster  than  the  round  nozzle's  and  the  major 
axis  8  begins  to  diminish.  Both  the  major  aixf  minor  8 
appear  to  asymptote  to  the  same  value  near  X/0^  ■  30. 
which  is  greater  than  that  associated  with  the  round 
geometry. 
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Figui*  13.  Axial  developmant  of  major  and  minor  axes 
M,  ■  2.0  elliptic  and  round  nozzle  momentum 
thickness. 

6b  •  Acoustic  Data 


b  •  ^  B  0*  (mtar  axis  dtrection) 

Figure  14.  Scaled  ecoustic  data  for  various  M,  ■  2 
nozzle  geometries. 


The  acoustic  data  for  the  Mach  2  round,  rectangular 
and  elliptic  nozzles  is  shown  in  figure  14.  The  data  is 
scaled  to  the  same  thrust  level  as  in  the  Mach  1.5  data 
of  figure  10  and  presented  in  terms  of  PNdB.  Each 
nozzle  is  operated  pressure  balanced  with  a  jet  total 
temperature  of  T,  >  1l60°n. 

Figure  14a  shows  the  data  in  the  direction  of  the 
major  axis,  $  m  90*.  and  figure  14b  shows  data  in  the 
direction  of  the  minor  axis,  4  >  0*.  Both  the  eltiptic  and 
rectangular  geometries  show  noise  reduction  in  the  major 
axis  direction,  although  the  reduction  relative  to  the 
equivalent  round  nozzle  is  not  as  good  as  that  obtained 
at  the  lower  Mach  number.  This  could  be  attributed  to 
the  higher  nozzle  aspect  ratio,  where  it  is  shown  that  the 
mixing  is  not  as  effective  as  the  lower  aspect  ratio 
nozzle.  In  the  minor  axis  direction  all  nozzles  appear  to 
emit  nearly  the  same  noise  level  over  all  angles  of  y. 
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Figure  15.  Azimuthal  variation  of  PNdB  level. 


Figure  15  provides  a  summary  for  the  azimuthal 
variation  of  PNdB  lor  both  elliptic  M,  ■  1.5  and  2.0 
elliptic  nozzles.  It  can  be  observed  that  the  nois  level 
varies  nearly  lineariy  with  the  azimuthal  anole  e. 


a  -  e  ■  90*  (major  axis  direction) 


Z _ COMPARISON  TO  THEORETICAL  PREDICTIONS 

Theoretical  calculstions  of  the  acoustic  far  field  for 
supersonic  elliptic  noizles  have  been  made  by  Morris 
and  Bhat  (RM.  6).  Their  spatial  stability  analysis 
computes  the  noise  associated  with  large  scale  turbulent 
structures  of  the  free  jst  shear  layer  for  shock  free  jets. 
The  characteristics  ot  the  large  scale  structure  are 
described  by  solutian  of  the  linearized  compressiblo 
Rayleigh  equation.  The  aquations  are  linearized  by 
substituting  measured  mean  velocity  data  from  the  M,  •• 
1.52  elliptic  nozzle  into  the  Rayleigh  equation  In  temis  of 
elliplic  cylindrical  cocniinates.  The  mean  density  is 
solved  using  Crocco’s  relation.  An  inner  solution  is 
constructed  by  the  method  of  multiple  scales  and 
matched  to  an  outer  solution  that  satisfies  the  radiation 
condition  by  the  method  of  matched  asymptotic 
expansion. 

In  their  paper,  calculations  for  the  fixed  frequency 
wave  S,  ■  f.D^,  ■  0,2  are  made  for  several 
fundamental  spatial  modes  of  Instability,  Figure  16 
Illustrates  several  of  the  fundamental  low  order  spatial 
modee  iof  the  elliptic  jst  From  previous  research  with 
axisymmetric  jets,  only  the  varicose  (i.e.  axisymmetric) 
and  flapping  instabilities  are  found  to  be  important.  One 
jet  condition  of  special  mterest  Is  that  associated  with  the 
fuHy  balanced  isothermal  jet  (i.e.  p,  >  pj.  This  is 
primarily  of  interest  since  elimination  of  shocks  is 


i 


Modes  of  Instability 


Varicose  instability  Major  axis 

flapping  instability 


Off  axis  instability  Minor  axis 

flapping  instability 


Figur*  16.  Low  order  spatial  modes  of  instability  for 
eWptic  jets. 

important  for  linearization  of  the  govemmg  equations. 
The  calculatioris  of  Ref.  6  in  fact  show  tnat  only  the 
varicose  spatial  mode  radiates  noise  to  the  far  field. 
The  higher  order  modes  do  not  achieve  supersonic 
phase  speed  and  therefore  do  not  radiate  sound  to  the 
far  field.  Measured  far  field  acoustic  data  from  an 
urtforeed  supersonic  jet  will  contain  aH  radiating  spatial 
modee. 

Far  field  acoustic  data  was  acquired  using  the 
eSptie  M,  ■  1.54  nozzle.  The  jet  was  operated  fully 
pressure  balanced  (PJP^  «  3.89)  at  a  jet  static 
temperature  equal  to  the  ambient.  For  this  Mach 
number  nozzle,  the  corresponding  jet  total  temperature 
to  ambi^  temperature  ratio, 

!  T/r,  -  1 +0.5(7 •  1)H\’- 1.47 

v4tich  corresponds  to  an  average  value  of  T.  •  302*F 
for  the  pres^  study.  Using  the  microphone  array  of 
figure  6,  far  field  acoustic  data  was  acquired  at  six 
azimuthal  angles  «.  over  the  range  66.5’  ^  v  s  lOO.er. 
A  comparison  between  predicted  and  measured  acoustic 
pressure  amplitudes  is  shown  in  figure  17  for  the 
Strouhal  number  S,  >  0.2  component  for  both  minor  (0 
■  O’)  and  major  (4  ■  90*)  directions.  The  spectral 
baniMidlh  associated  with  measured  data  corresponds 
to  Af/T,  ■  .04.  Both  the  measured  and  predicted 


M  M  T«  i4t  t«  m 

AnfM  »  MM  Ma  V 

Figure  17.  Comparison  of  measured  and  predicted 
acoustic  characteristics  for  elliptic  nozzles. 
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amplitude  data  in  figure  17  are  presented  in  dB  relative 
to  the  respective  peak  pressure,  P„„  which  occurs  at  a 
different  value  for  4  between  measured  and  predicted 
results. 

This  comparison  shows  reasonable  agreement 
between  data  and  theon/  in  peak  noise  emisson  from 
both  major  ^d  minor  axis  planes.  The  measured  and 
computed  difference  in  radiation  between  the  two  suds 
planes  is  in  excellent  agreemem.  The  noise  radiated  at 
angles  of  ly  s  100’  is  due  to  smaller  scale  turbulence 
which  radiates  less  efficiently.  The  results  of  figure  17 
are  very  encouraging,  since  the  theory  contains  the 
methodology  to  compute  jet  flows  of  arbitrary  geometry 
thus  paving  the  way  for  treatment  of  ADEN  like  nozzles. 


In  this  paper,  the  principle  sources  of  supersonic  jet 
noiM  emission  have  been  discussed,  f^  combat 
military  aircraft,  these  noise  sources  are  associated  with 
shock  noise  processes  and  eddy  Mach  wave  emission. 
Each  mechanism,  unlike  subsonic  jet  noise  sources,  is 
very  efficient.  Each  convert  between  0.1  and  1%  of  the 
jot  mechanical  power  to  noise. 

Both  the  Mach  wave  and  shock  noise  mechanisms 
are  difficult  to  suppress  without  incurring  signiftcant 
compromise  of  aircraft  mission.  Reduction  of  shock 
noise  requires  developing  new  methods  for  cancellation 
of  internal  pressure  waves  on  the  interic;  of  the  high 
temperature  variable  area  nozzie.  The  reduction. of 
Mach  wave  emission  requires  lo'/vp'ing  jet  plume 
velocities,  which  can  be  achieved  through  accelerated 
mixing  of  the  shear  layer  with  sunounding  merkim. 

Jet  noise  suppression  concapts  proposed  for 
commercial  supersonic  aircraft  appear  inappropriate  for 
combat  aircraft  due  to  substantial  compromise  of  engine 
performance.  In  this  paper,  the  use  of  simple  non¬ 
round  jet  exit  geometry  is  considered  as  a  possible 
means  for  reducing  noise,  while  maintaining  engme 
performance. 


Several  generic  non-round  jet  exit  geometries  were 
studied  with  jet  total  temperatures.  T,  ■  1161711.  to 
determine  their  aertdynamic  and  scaled  acoustic 
characteristics.  Those  geometries  included  round, 
elliptic,  and  rectangular  nozzles  with  nominal  design 
Mach  numbers  of  M,  ■  1.5  and  2.0.  The  M,  ■  1.5 
rectangular  nozzle  was  an  ADEN  (Augmented  Deflector 
Exhaust  Nozzle)  configuration.  The  aspect  ratio  of  the 
M,  ■  1.5  non-round  nozzles  was  2.0.  The  M,  ■  2  elliptic 
nozzle  had  an  aspect  ratio  3.0.  The  jet  plume  total 
temperatures  are  within  several  hundred  degrees  of 
those  used  by  current  technology  fighters  at  full  military 
power  setting. 


Aerodynamic  measurement  of  mean  flow  centerline 
behavior  clearly  shows  that  the  non-round  nozzle 
geometry  mixes  much  more  effectively  with  the 
surrounding  medium  than  a  round  nozzle.  As  a  result, 
the  axial^.^gth  of  supersonic  flow  is  substantially^ 
reducedr  Under  these  circumstances,  the  Mach  wave 
emission  process  Is  expected  to  play  a  less  substantial 
role.  The  aerodynamic  data  also  indicate  that  higher 
aspect  ratio  elliptic  n^es  may  mix  less  effectively,  but 
the  presents  results  ar^ioglusivo.  since  the  higher 
aspect  ratio  nozzle  has  a  highB(vrrazzte~deslgn  point. 
The  higher  flow  Mach  number  mayilso  irihibit  mixing. 
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Hw  acoustic  data  for  botti  tha  M,  ■  l.S  and  2.0 
nozdaa  confirms  ttw  abova  oxpectatlcns.  Tba  acoustic 
data  is  seated  to  two  2S000  b  engines,  propagated  to 
1500  ft.,  and  weighted  in  perceived  noise  tevei.  In  the 
direction  of  peak  emission  (  i.e.  y  >  120*  )  and  along 
the  major  axis,  both  elliptic  and  rectartgular  nozzle 
geometries  provide  between  6  and  7  PNdB  noise 
reduction.  Along  the  miruir  axis  direction,  the  noise 
omitted  by  all  nozzles  appears  equivalent.  The 
importance  of  these  reductions,  although  modest,  is  that 
almost  no  compromise  of  performance  has  been  made 
and  the  noise  reduction  occurs  over  a  significant  region 
of  azimuthal  angles.  The  data  of  this  study  also  show 
that  the  noise  reduction  is  larger  for  higher  tempersture 
jet  plumes  (compare  figures  9a  &  9b).  This  is  consisted 
with  the  concept  for  Mach  wave  emission  reduction. 

At  angles  ly  <  120*.  shock  noise  becomes  a  factor 
in  noise  emission.  The  acoustic  data  presented  all 
involve  nozzles  designed  using  convergent-divergent  flow 
paths.  Both  the  round  and  elliptic  geometries  have 
reduced  the  strength  of  plume  shocks  to  the  point  where 
shock  noise  is  effectiv^  eliminated.  The  rectangular, 
including  ADEN,  still  contain  shocks  with  significant 
strength.  While  shock  noise  is  reduced  It  is  still  a  factor 
in  the  acoustic  amission. 

The  ADEN  rspresertts  a  nozzle  geometry  worthy  of 
further  study.  The  performance  of  this  nozzle  is 
competitive  with  the  round  nozzle.  It  is  actually  much 
simpler  to  design  for  variable  area  and  is  more 
amendable  to  stowable  nozzle  suppressor  concepts  than 
round  nozzle  geometry.  Further  research  on  this  nozzle 
is  required  to  cancel  internal  nozzle  shocks. 

The  prediction  of  noise  from  non-round  geometry 
nozzles  is  shown  to  compare  favorably  for  peak  emission 
(ty  >  1 10*)  along  both  major  and  minor  axis  planes.  The 
theoretical  predictions  indicato  that  a  non-axisymmetric 
mean  flow  field  lowers  the  growth  rate  of  the  most  highly 
amplified  shear  layer  mode  relative  to  a  round  nozzle. 
The  fact  that  the  ADEN  produces  a  similar  acoustic  field 
at  those  angles  of  y  suggests  that  similar  aerodynamic 
processes  occur  in  the  rectangular  nozzle  jet  flowfietd. 
These  results  erKOurage  the  further  developmont  of  the 
theory  to  treat  high  temperature  jets  and  an  examination 
of  the  analysis  to  perhaps  pace  development  of  a 
realistic  minimum  noise  moan  velocity  profile. 
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Discussion 


QOESTION  BT:  M . D . Paramour ,  UK.  MOD(PE) 

Th'a  F-IS  "STOL/MTD"  cochnology  deaonstracor  aircraft  has 
variable  geometry  rectangular  nozzles.  Has  work  been  done  or 
Is  work  planned  to  see  if  such  nozzles  give  a  noise  reduction 
compared  with  the  conventional  F-IS  aircraft? 

AUTHOR'S  RESPONSE: 

I  do  not  know  if  any  full  scale  acoustic  test  was  ever 
conducted  on  the  F-lS  STOL  technoly  demonstrator.  Model  scale 
work  using  twin  round  and  rectangular  nozzles  in  the  wind 
tunnel,  indicated  that  noise  is  reduced  with  the  twin 
rectangular  configuration. 

QUESTION  BT:  U.  Michel,  OLR  Berlin,  Germany 

You  atresaed  the  importance  of  Mach  wave  radiation  in  your 
experimental  and  the  corresponding  theoretical  results. 
Should  not  this  contribution  reduce  or  vanish  if  the  aircraft 
is  in  flight? 

AUTHOR'S  RESPONSE: 

Your  o%m  prediction  of  convective  source  speed,  V^,  equation 
13  of  paper  21,  indicates  that  V,  increases  with  aircraft 
forward  flight  speed  V(  for  constant  Jet  speed  Vj.  Since  the 
Mach  wave  mechanism  only  requires  that  >  ao,  where  a«  is 
ambient  sound  speed,  you  own  predictions  would  suggest  chat 
the  Mach  wave  mochanism  should  still  be  present  at  high 
flight  Mach  number. 

QUESTION  BT:  W.D.  Bryce,  RAE  Pyestock,  UK 

While  it  is  interesting  to  see  the  noise  reductions  which  can 
be  obtained  using  non- round  nozzles,  is  it  not  Che  case  chat 
these  Jets  are  extremely  noisy  and  remain  so  even  with  the 
observed  noise  reductions?  While  Che  noise  reductions  may  bo 
of  advantage  during  some,  short-term  periods  of  aircraft 
operation,  are  they  of  relevance  in  the  context  of  sustained 
flight  at  high  subsonic  Mach  numbers? 

AUTHOR'S  RESPONSE: 

It  is  crus  chat  even  after  factoring  in  the  noise  reductions 
of  these  nozzles,  the  remeining  noise  still  represents  a 
problem.  These  nozzles,  however,  like  Che  ADEN,  do  not 
compromise  on  performance  and  therefore  would  be  beneficial 
to  implement.  Sustained  flight  at  high  Mach  number  and  low 
altitudes  is  associated  with  bombers  and  not  fighter 
aircraft.  For  bombers,  the  mission  profile  suggests  that 
these  non-round  nozzle  geometries  may  produce  no  noise 
benefit  or  detriment.  They  may,  however,  provide  better 
performance  with  regard  to  ocher  measure  of  the  aircraft 
mission,  such  as  signature  reduction.  For  fighters  the  non¬ 
round  geometries  would  be  of  substantial  benefit  due  to  Che 
lower  Mach  number  associated  with  a  portion  of  their  mission 
profile. 


m  ,.a.,p..t.y- 


l»-U 


QUESTION  BT:  D.J.  Uay.  DRA,  Aerospace  Division  Pyestock,  U.K. 

The  Concorde  experience  Indicated  chat  noise  suppression 
proposals  effective  statically  did  not  bring  about  the 
predicted  noise  reductions  in  flight.  What  evidence  have  you 
that  non-round  exhaust  geonetries  will  naintain  their 
benefits  with  forward  speed? 

AUTHOR'S  RESPONSE: 

First,  the  suppression  concepts  for  cowiercial  aircraft  like 
the  Concorde  only  must  work  in  the  terminal  area,  up  Co  400 
fc/sec.  (M{  -  0.36).  The  application  of  non-round  nozzle 
technology  requires  that  the  Initial  growth  rate  of  the  shear 
layer  be  non-axisymetric,  but  of  the  type  that  will  undergo 
spatial  amplification  of  the  shear  layer.  Based  on  the 
success  of  the  "wave  model  theory*  to  predict  noise  from  non¬ 
round  Jets,  it  should  be  possible  to  tell  if  the  technique 
can  be  applied  to  a  given  nozzle/airframe  Installation  and  be 
successful.  It  may  be  possible  to  design  an  external  nozzle 
cowl  that  in  fact  shapes  the  boundary  layer  to  enable 
achievement  of  the  noise  suppression  capability. 
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SUMMARY 

The  senstfivity  of  scraech  coupling  in  supersonic  jets  to 
nozzle  installation  geometry  is  explored  as  a  function  of 
nozzle  shape,  spacing,  and  orientation.  The  coupling 
phenomenon  is  shown  to  be  a  function  of  geometry  for  a 
variety  of  twin  axiaymmetrlc  and  rectangular  nozzle 
confi^ations  as  well  as  for  a  single  jet  in  proximity  to  a 
solid  surface.  Rapid  plume  merging  or  close  proximity  to 
a  wan  are  shown  to  minimize  the  rtolae  Increment  due  to 
coupling.  Twin  Impinging  supersonic  plumes  experience 
more  complex  aeroacoustic  interactlona.  The  acoustic 
near  field  is  dominated  by  screech  and  impingament 
tones,  but  the  fuselaga  undersurface  dynamic  loads  are 
primarily  due  to  impingement  of  the  unsteady  upwash 
fountain  flow  on  the  fuselage  undersurface. 


The  ability  to  predict  and  control  noise  from  aircraft 
having  superstxiic  exhausts  requiras  an  understanding 
of  the  ^ume  dynamic  envlrooment  for  configurafions 
other  than  an  isolated  round  jet.  Noise  control  Is  an  is¬ 
sue  of  high  priority  In  populated  regions  having  a  high 
density  of  low-altitude  overflights.  The  thermal  and 
acoustic  loads  on  aircraft  structures  m  near-proximity  to 
the  plumes  must  also  be  controlled  to  maximize  the 
stnjctural  fatigue  of  aircraft  components  In  practice, 
many  rKxse  prediction  codes  and  approaches  to  noise 
reduction  are  based  on  data  from  isolated  plume  tests. 
However,  the  noise  field  from  multiple  Interacting 
plumes  generally  will  not  combine  in  a  simple  additive 
sense,  oven  when  nozzle  geometry  Is  taken  Into  consid¬ 
eration 

The  deviations  from  the  idealized  data  sets  which  occur 
in  real  aircraft  are  typically  lumped  under  the  category  of 
inataitatlon  effects.  The  simplest  installation  effect  is 
shielding  and  scattering  by  hiselags  surfaces.  These  ef¬ 
fects  are  generally  linear  and  are  relatively  easy  to  pre¬ 
dict  using  analytical  and  computational  methods.  A 
somewhat  mors  complicated  effect  is  the  shielding 
which  occurs  as  sound  is  refracted  through  velocity  and 
temperature  gradients  In  the  flow.  This  shielding  effect  is 
more  difficult  :o  predict  accurately  because  a  detailed 
description  of  the  velocity  and  temperature  fleidu  Is 
required.  Acoustic  shielding  by  adjacent  plumes  in  mul¬ 
tiple  nozzle  configurations  is  highly  directive  and  is  most 
beneficial  in  the  aft  quadrant  due  to  the  high  temper¬ 
ature  and  velocity  gradients  within  the  plumes. 

A  significantly  more  complex  Installation  affect  is 
acoustic  source  modification.  Source  modification  Is 
complex  and  highly  nonlinear,  and  at  present  cannot  be 
predicted  except  by  empirical  methods.  The  acoustic 
sources  may  be  indirectly  changed  through  modifi¬ 
cations  to  the  mean  flow,  or  directly  modified  through 
turbulenca-lurbulence  Interactions  as  m  merging  leis.  or 
acoustic-ftow  interaction  as  in  acoustic  feedback  inter¬ 
actions.  While  these  phenomena  are  difficult  to  predict 
aiKt  model,  they  offer  the  greatest  potsrtilal  for  noise 


control.  The  high  degree  of  nonlinearity  suggests  that 
small  iTKxtIfIcatlon  to  the  mean  flow  or  nozzle  geometry 
can  produce  large  changes  in  the  radiated  acoustic  field. 

Many  tactical  and  strategic  aircraft  use  propulsion  sys¬ 
tems  In  configurations  having  two  exhaust  nozzles  In 
close  proximity  to  each  other.  These  nozzles  generally 
produce  supersonic  jets  with  Imbedded  systems  of 
shock  waves.  A  typrcal  acoustic  spectrum  of  a  super¬ 
sonic  jet  «  Illustrated  In  Figure  t  The  acoustic  fre¬ 
quency  f  Is  normalized  with  the  nozzle  diameter,  d,  and 
the  jet  velocity  Ui  The  three  predominant  peaks  in  the 
spectnjm  are  each  tied  to  specific  physical  mechanisms. 
A  resonant  Interaction  between  shear  layer  instabilities 
and  the  shocks  within  the  plume  can  produce  an  Intense 
narrow-band  noise  component  known  as  screech. 
Broadband  shock-associated  noise  Is  produced  by  the 
intsraction  between  shear-layer  turbulence  and  the 
shock  waves.  The  screech  peak  Is  almost  20  dB  above 
the  broadband  shock-associated  noise,  and  extends 
over  a  narrow  band  because  of  the  feedback  process 
characteristic  of  the  screech  instability.  The  third  and 
lowest  peak  is  due  to  the  jet  column  Instability  which  Is 
responsible  for  jet  noise  in  subsonic  as  well  as  super¬ 
sonic  jets. 

In  this  paper  we  focus  on  the  screech  Instability  primarily 
because  the  noise  from  screech  has  the  potential  to  be 
substantially  greater  than  that  from  other  sources.  A 
schematic  of  the  screech  feedback  loop  is  Illustrated  In 
Figure  2.  A  vonical  shaar-iayer  disturbance  convects 
downstream  and  interacts  with  the  shocks  because  the 
let  sonic  line  is  within  the  shear  layer  At  some  point 
downstream  (typically  the  third  or  fourth  shock  call)  the 
interaction  is  sufficient  to  produce  an  upstream-travelling 
acoustic  wave  This  sound  wave  couples  with  the  flow  at 
the  rvjzzle  lip  and  induces  another  shear-layer  distur¬ 
bance.  Thus  the  complex  combination  of  the  shock  cell 
spacing,  the  disturbance  convection  velocity  and  growth 
rate  and  the  receptivity  to  acoustic  peiturbatlons  at  the 
nozzle  lip  determines  the  screech  amplitude. 

The  characteristics  of  screech  m  Isolated  supersonic  jets 
has  been  studied  extensively  over  the  past  30  years,  as 
summarized  In  the  review  article  by  Seiner  (Ref.  1). 
Recent  papers  on  Isolated  rectangular  nozzles  (Ref  2). 
interacting  round  and  rectangular  plumes  (Refs  3.4). 
and  round  and  rectangular  nozzles  near  flat  walls  (Refs. 
5.6)  have  extended  the  data  available  on  dynamics  of 
sujMrsonlc  plumes.  At  present  we  know  that  such 
co^uratlons  can  enhance  screech  modify  acoustic 
directlvily,  and  oven  suppress  screech  resonance. 
However,  present  methodology  only  allows  the  predic¬ 
tion  of  screech  frequency  (Refs  2.3)  and  Is  therefore 
inadequate  to  predict  screech  amplitude,  or  even 
screech  onset.  Because  we  know  that  screech  Is  highly 
sensitivo  to  geometry,  we  must  resort  to  empirical 
characterization  of  the  acoustic  near-fleld  as  a  function 
of  geometry  The  Ngh  sensitivity  of  supersonic  plume 
acoustics  to  nozzle  configuration  also  suggests  that 


opiifflizalion  for  acoustic  considerations  can  be  achieved 
by  judicious  choice  of  nozzle  shape  and  location. 

In  two  papers.  Seiner.  Manning,  and  Ponton  (Refs.  3.4) 
define  the  mechanism  of  twin-plume  resonance  for  both 
round  and  rectangular  nozzles  and  show  that  interacting 
plumes  generate  dynamic  pressures  exceeding  the  sum 
of  two  isolated  plumes  Convergent/divergent  (C/D) 
nozzles  were  investigated  at  both  model  and  full  scale. 
At  model  scale,  plume  coupling  produced  increased 
dynamic  pressures.  Full-scale  static  tests  produced 
frequencies  predicted  on  the  basis  of  model-scala  data, 
although  the  amplitudes  were  lower  than  those  mea¬ 
sured  in  the  laboratory. 

Seiner  a<  at.  (Ref  2)  have  also  shown  that  the  acoustic 
characteristics  of  a  single  rectangular  let  greatly  differ 
from  those  of  a  round  jat.  Low-aspect-ratio  nozzles  have 
no  delectabis  screech  component,  wfiereaa  high- 
aspect-ratio  nozzles  produce  lets  with  a  strong  planar 
flapping  componant.  In  Ref.  5  the  flapping  mode  was 
shown  to  be  dominant  for  a  hIgh-aspect-ratio  nozzle  in 
near  proximity  to  a  plane  wall.  Surface-pressure  fluctu¬ 
ations  greater  than  6  kPa  were  observed,  and  there  was 
eviderKa  of  changes  to  the  plume  as  a  consequence  of 
coupling  with  the  plate 

In  this  paper  we  explore  the  sensitivity  of  screech 
coupling  in  supersonic  plumes  to  nozzle  installation 
geometry  The  configurations  considered  here  are 
typical  of  advanced  tactical  aircraft  with  supersonic 
exhausts  m  both  cruise  and  hover.  A  parametric  investi¬ 
gation  of  round  and  rectangular  twin-plume  interaction 
as  a  function  of  nozzle  spacing  is  used  to  characterize 
the  regimes  of  high  dynamic  pressure.  Non-standard 
geometries  such  as  rectangular  nozzles  and  splayed 
configurations  are  also  considered  Plume  resonance  m 
advanced  STOVL  aircraft  in  cruise  is  modelled  by  a 
supersonic  let  is  located  adiacent  to  a  plane  surface 
Finally,  the  acoustics  cf  aircrsft  in  ground  proximity  is 
investigated,  and  the  sensitivity  of  acoustic  amplitude  to 
aircraft  and  nozzle  geometry  is  explored 


A  modal-scale  investigations  of  plume  interaction  were 
conducted  m  the  McDonnell  Douglas  Research 
Laboratories  Aerodynamic  Noise  Laboratory  (AND  and 
the  McDonnsll  Aircraft  Company  Jet  Induced  Test 
Apparatus  IJITA)  in  St  Louis.  Missouri 

The  nozzle  sections  used  in  these  studies  had  either 
constant-area  choked-tube  or  convergent/divergent 
profiles  with  nominal  throat  areas  of  487  square  mm  All 
nozzle  throat  areas  were  essentially  identical  lo  provide 
equivalent  mass  flux  among  all  configurations 

Acoustic  spectra  were  obtained  for  these  studies  using 
Bruel  and  Kjaer  microphones  directly  digitized  by  a  high¬ 
speed  data  acquisition  system  An  automated  pro¬ 
cessing  algorithm  was  developed  to  track  the  magnitude 
and  frequency  of  the  screech  peaks  Only  those  peaks 
with  an  amplitude  greater  ii  lan  1 20  d8  were  considered 
The  normalized  wavelength  >vd  corresponding  to  these 
peaks  was  cast  as  a  function  of  M|.  the  Mach  number  of 
a  perfectly  expanded  jet  at  a  given  pressure  ratio 
Previous  investigations  have  shown  that  the  deperv 
dence  of  >/d  on  Mj  is  nearly  linear  for  each  screech 
mode  Linear  trends  in  the  data  ware  delected  and  low 


amplitude  peaks  deviling  from  the  trends  we^e  elimi¬ 
nated. 


Two  nominally  identical  convergent/divergent  round 
nozzles  were  fabricated  with  a  design  Mach  number  of 
1  48  The  nozzles  were  connected  to  a  flow  system 
through  flexible  hoses  to  determine  the  effect  of  nozzle 
spacing  on  screech  coupling  over  a  range  of  spacing 
normalized  with  diameter,  s/d.  from  1  8  to  3  2. 

Spectra  obtained  for  a  microphone  located  in  the  nozzle 
axrt  plane  between  the  two  nozzles  is  shown  in  Figure  3 
as  a  function  of  nozzle  spacing  at  Mj  s  1  56.  or  slightly 
above  the  design  pressure  ratio.  At  s/d  s  1  8.  there  are 
two  relatively  small  peaks  in  the  sfiectra  near  4  and  4.5 
kHz.  As  the  nozzle  spacing  is  increased  to  s/d  s  2.6. 
the  4  kHz  peak  dominates  the  spectrum,  but  the  dom¬ 
inant  peak  abruptly  shifts  to  the  higher  frequency  when 
the  spacing  is  increasad  to  s/d  =  3  2.  These  seemingly 
anomalous  changes  in  screech  amplitude  and  frequency 
can  be  better  interpreted  when  the  screech  modes  are 
tracked  as  a  function  of  Mj. 

Figure  4  is  a  composite  plot  of  modal  wavelength  as  a 
function  of  Mj  for  both  single  and  dual  nozzle  configu¬ 
rations.  The  instability  modes  for  the  paired  nozzles  are 
essentially  the  same  as  those  observed  for  the  isolated 
plumes,  and  the  only  discontinuities  occur  at  regions  of 
mode  change  Each  |st  develops  axisymmetric  At  and 
A2  modes  at  low  Mj  and  helical  B  and  C  modes  at 
higher  Mj  Although  no  consistent  explanation  of  mode 
switching  exists  at  this  time,  but  the  phenomena  is 
probably  related  to  changes  in  shock  cell  spacing  and 
shear-layer  instability  growth  rates  The  modal  wave¬ 
lengths  of  the  two  plumes  are  virtually  identical, 
suggesting  similar  shock  structures  in  both  plumes. 

The  modal  amplitudes  for  an  isolated  and  interacting 
lets  shown  m  Figure  5  In  the  case  of  the  single  jet 
(Figure  5a).  the  mode  switching  among  the  At.  A2.  B. 
and  C  modes  is  evident  as  the  Mach  number  increases. 
A  local  minimum  of  the  screech  amplitude  occurs  near 
Mj  the  design  Mach  number  and  a  condition  for  which 
the  shocks  should  be  weakest  Beyond  the  design  Mach 
number  the  plume  is  underexpanded  and  the  C  mode  is 
dominant. Therefore  the  individual  spectrum  In  Figure  3a 
has  two  weak  peaks,  corresponding  to  the  mode  switch 
near  the  design  Mach  number  of  the  nozzles 

Figure  5b  through  5d  summarizes  the  changes  in  modal 
amplitude  as  a  function  of  nozzle  spacing  Figure  5b 
shows  the  characteristic  amplitudes  lor  the  minimum 
nozzle  spacing,  s/d*  1  8  For  the  toroidal  At  mode, 
interaction  between  the  plumes  produces  no  not 
increase  in  dynamic  pressure:  the  magnitude  is  approx¬ 
imately  the  sum  of  that  from  the  two  isolated  leis 
However,  the  B  mode  is  significantly  enhanced 
particularly  for  Mj  <  i  4,  and  the  dynamic  pressure  is  as 
much  as  10  dB  greater  than  the  sum  of  that  from  the  two 
isolated  nozzles  For  Mj  >  14  the  B  mode  is  enhanced 
relative  to  the  isolated  jets,  and  the  C  mode  is  sup¬ 
pressed  However  the  C  mode  does  not  become  domi- 
nartt.  and  the  overall  sound  pressure  level  is  less  than 
the  sum  of  the  isolated  jots  for  Mj  >  i  52 
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A  sMght  increase  in  noz2le  spacin9  to  sId-  2.2  (FI9.  Sc) 
produces  a  large  increase  in  the  B-mode  amplitude  at 
high  Mj  Plume  interaction  produces  a  noise  Increment 
of  at  least  10  dB  for  all  Mjatxnre  B-rtKXfe  onset.  As  be¬ 
fore.  the  C-moda  Interaction  la  strongly  suppressed.  The 
B-mode  trends  continue  through  larger  values  of  s/d. 

For  s/d>  3  2.  plume  Interaction  does  not  occur  below  M| 
3  1  4.  and  the  screech  amplitudes  are  suppressed  rela¬ 
tive  to  the  isolated  jets.  A  dramatic  change  occurs  in  the 
C  mode,  with  strong  coupling  occuring  for  large  s/d.  For 
r/da  3.2  and  Mj  approximately  1  S.  the  screech  ampli- 
tude  increment  due  to  plume  interaction  is  approxi- 
maicfy  20  dB. 

A  significant  aspect  of  plume  coupling  is  that  screech 
continues  to  be  supported  at  the  nozzle  design  Mach 
number.  Only  at  s/da  1 .8  is  there  a  decrease  in  ampli¬ 
tude  near  the  design  Mach  number  of  1  48,  with  no 
similar  decrease  for  any  other  nozzle  spacing.  Although 
the  plume  should  be  nominally  shock-free  near  the  de¬ 
sign  point,  screech  is  suppled  for  the  twin-rtozzle 
configuration.  It  Is  possible  that  the  plumes  are  ideally 
expanded  in  a  mean  sense  at  the  design  point,  but 
osciHate  between  under  arxf  overexpansion  when  in  the 
plumes  are  In  screech. 

Thus  the  noise  produced  by  mutual  interaction  of  two 
supersonic  plumes  Is  a  strong  function  of  nozzle  spacing 
and  let  Mach  number,  with  the  design  Mach  number 
playing  virtually  no  role.  Close  spacing  supports 
axisymmetric  A  and  helical  B  modes,  but  suppresses 
the  C  mode  relative  to  Isolated  plumes.  Wide  spacing 
inverts  the  modal  dominarKe.  and  signifleant  C-mode 
augmentation  is  observed. 

When  nozzle  spacing  is  small  the  plumes  merge  before 
the  higher  modes  develop,  and  screech  coupling  is 
suppressed  The  fast  merging  of  multiple  jets  tends  to 
make  them  act  as  a  single  larger  jet  with  no  coupling 
interaction.  When  the  spacing  is  large,  the  dominant 
modes  lend  to  develop  farther  downstream  where  the 
shear  layers  are  thick.  Therefore  a  viable  strategy  for 
screech  reduction  In  round  plumes  may  be  to  furthw  re¬ 
duce  nozzle  spacing  to  suppress  B-mode  Interaction. 

U _ SCREECH  INTERACTION  BETWEEN 

RECTANGULAR  JETS 

The  models  tested  in  this  portion  of  the  study  were 
based  on  generic  2-0  CIO  nozzle  configurations  for  low 
Mach  dry  power  and  low  Mach  afterburning  (A/B)  eno  ne 
power  settings  The  first  has  an  area  ratio  of  1  OS  and  a 
throat  aspect  ratio  (AR)  of  2  94  the  second  has  an  area 
ratio  of  1 . 1 5  and  a  throat  aspect  ratio  of  1  33 

The  screech  Interaction  for  the  two  basic  nozzle  configu¬ 
rations  was  Investigated  as  a  function  of  several  geo¬ 
metric  variables  These  variables  include  throat  aspect 
ratio  (width/height),  area  ratio  (exit/throat),  nozzle 
spacing,  and  Inboard  splay  angle 

When  the  plumes  from  two  closcV  spaced  nozzles 
Interact  the  relative  orientation,  phase,  and  acoustic 
amplitude  of  the  oscillating  plumes  are  determined  by 
the  nozzle  geometry  Four  distinct  interaction  modes 
were  identified  using  phase-conditiorted  schiieren  flow 
visualization,  and  era  summarized  schematically  in 
Figure  6  The  interaction  modes  difrer  from  the  screech 


inodes  described  in  the  previous  section  in  that  the 
interaction  modes  refer  to  the  phase  relation  and  spatial 
orientation  of  two  plumes  relative  to  one  another. 

In  the  Normal  Symmetric  (NS)  mode  both  plumes  flap  in 
the  x-z  plane  of  the  nozzles.  This  mode  Is  denoted  as 
symmetric  because  both  plumes  oscillate  in  phase  in  the 
z  direction. 

The  Normal  Antisymmetric  (NA)  mode  is  characterized 
by  both  plumes  flapping  In  the  x-z  plane.  180  degrees 
out-of-phase.  Thus,  in  both  normal  modes  the  plume  is 
displaced  normal  to  the  plane  containing  the  centertines 
of  both  jets. 

In  the  Lateral  Symmetric  (LS)  mode,  both  plumes  flap  in 
the  y-directlon  in  the  x-y  plane  of  the  nozzles.  The  flap- 
pirtg  motion  is  symmetric  with  respect  to  the  x-z  plane; 
that «.  both  jets  are  either  moving  toward  or  away  from 
the  x-z  plane 

The  Lateral  Antisymmetric  (LA)  mode  Is  characterized 
by  both  plumes  flapping  in  the  x-y  plane  and  moving  in 
the  same  direction  simultaneously  In  both  lateral 
modes,  trie  plumes  are  displaced  laterally  in  the  plane 
containing  the  canters  of  the  nozzles. 

Microphone  measurements  indicate  that  each  inter¬ 
action  mode  exhibits  a  unique  acoustic  directivity.  All  of 
trie  configurations  investigated  In  this  study  exhibited 
one  or  more  of  these  lour  Interaction  modes  when 
screech  was  present.  The  relative  oriemation  and  phAse 
relationship  between  the  oscillating  plumes  controls  the 
acoustic  directivity  patterns  lor  each  interaction  mode. 
These  directivity  pirttams  ware  measured  using  tour 
near-fleld  microphones  as  shown  in  Figure  7. 

The  NS  mode  projects  the  highest  acoustic  levels 
toward  microphom  1  and  4.  located  along  the  x-z 
plane  of  symmetry  between  the  nozzles.  The  directivity 
pattern  for  this  mode  is  a  consequence  of  both  plumes 
producing  acoustic  disturbances  in  phase  above  (or  be¬ 
low)  the  x-y  plane  through  the  nozzles.  The  acoustic 
am^itudes  at  the  other  microphones  are  below  those  at 
microphones  1  and  4.  which  is  consistent  with  the  direc¬ 
tivity. 

The  NA  mode  projects  the  greatest  screech  amplitude 
toward  microphone  2.  located  at  45  degrees  to  the  plane 
of  symmetry  between  the  nozzles.  The  antiphase 
relationship  between  the  plume  means  that  the  left 
plume  produces  an  acoustic  disturbance  above  the 
nozzles  when  the  right  plume  produces  a  disturbance 
below  the  nozzles.  The  NA  mode  produces  a  dominant 
wave  front  which  propagates  at  45  degrees  to  the  plane 
of  symmetry  Small  changes  in  operating  conditions  can 
thus  radically  change  the  plume  acoustic  directivity. 

The  LS  mode  protects  the  highest  acoustic  amplitude 
toward  microphone  4  (located  between  the  two  nozzles) 
because  the  In-phase  plume  oscillation  projects  strong 
acoustic  waves  upstream  toward  the  inter-nozzle  region 
This  Interaction  mode  is  not  unlike  the  symmstnc  inter¬ 
action  mode  observed  for  round  nozzles.  Microphones  1 
and  3  also  experience  increased  acoustic  ampittudes. 
but  to  a  lesser  degree  than  microphone  4 

The  antisymmetric  LA  mode  pro|ect«  the  highest  ampli¬ 
tudes  toward  microphone  3.  located  to  the  outside  of 
one  of  the  nozzles  Bscaus*  of  phase-cancatlaiion  on 
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the  centerline,  the  microphone  4  amplitude  is  lower  than 
that  observed  in  the  LS  mode,  and  the  acoustic  ampli¬ 
tudes  are  greatest  at  microphone  3. 

The  near-field  acoustic  amplitude  during  |et  interaction  is 
strongly  dependent  upon  the  particular  interaction  mode 
Furthermore,  the  dominant  interaction  mode  and  its 
relative  strength  are  dependent  on  nozzle  orientation, 
aspect  ratio,  and  NPR  The  acoustic  amplitude  mea¬ 
sured  at  the  dominant  microphone  position  is  used  to 
demonstrate  the  influence  of  geometry  in  Figure  8  The 
dominant  interaction  mode  is  noted  for  each  OASPL  to 
establish  the  mechanism  responsible  for  the  observed 
trends  The  data  are  segregated  by  aspect  ratio 
because  only  the  AP  2.94  nozzles  produce  NS  and  NA 
interaction  modes  and  the  AP  1  33  nozzles  oroduce 
only  LS  and  LA  interaction  modes.  In  each  case,  the 
symmetric  modes  (le  NS  or  LS)  produce  greater 
screech  amplitudes  than  the  antisymmetric  rrKXles  (i  e. 
NA  or  LA) 

Screech  amplitude  generally  decreases  with  spacing  for 
the  AP  2.94  nozzles  The  OASPL  trend  with  spacing  ra¬ 
tio  IS  included  in  Figure  8  for  the  AP  2  94  nozzles  oper¬ 
ating  at  design  NPP  Only  the  NS  interaction  mode  is 
present  at  design  NPP  for  all  spacing  ratios  of  the  AP 
2.94  nozzle  This  trend  of  decreasing  OASPL  with 
increased  spacing  indicates  that  the  NS  coupling  is 
weakened  as  the  nozzles  are  moved  farther  apart. 

The  AP  1  33  nozzles  produce  Ihe  highest  screech 
amplitude  at  an  irttermediate  spacing  ratio  As  shown  in 
Figure  10  the  LS  mode  exhibits  maximum  coupling  at 
s/w  «2  8.  where  s  is  the  nozzle  centerline  spacing  and  w 
IS  the  nozzle  width  Other  spacing  ratios  produce  less 
intense  LS  coupling  or  revert  to  the  LA  mode  Thus  the 
trerKfs  observed  as  a  function  of  spacing  ratio  are 
directly  related  to  the  interaction  mode  The  LA  inter¬ 
action  mode  produces  Ihe  lowest  OASPL  for  the  AP 

1  33  nozzles  and  occurs  at  the  smallest  nozzle  spacing 
(Figure  10)  As  spacing  ratio  increases,  the  interaction 
mode  transitions  from  antisymmetric  to  symmetric 

The  AP  2  94  configuration  was  evaluated  with  a  max¬ 
imum  inboard  splay  angle  of  8  2  degrees  end  minimum 
spacing  ratio  of  1  25  This  configuration  produces  lower 
OASPL  than  the  trend  established  lor  non  splayed  AP 

2  94  nozzle  configurations  iFigure  8)  However,  as  splay 
angle  is  reduced  to  6  5  degrees.  OASPL  increases  to 
near  that  of  the  non-splayed  reference  cases  Large  as 
wall  as  moderate  splay  are  effective  in  reducing  acoustic 
levels  for  the  AP  1  33  configurations  As  shown  m 
Figure  10  both  splay  configurations  oroduce  OASPL 
below  the  trends  established  for  the  non-splayed  config¬ 
urations  The  reduction  of  near-field  ncise  for  inboard 
splay  of  the  AP  1  33  nozzles  is  attributed  to  screech 
suppression  for  maximum  splay  and  weakening  of 
plume  interaction  for  moderate  splay 

It  should  be/  noted  that  the  twin  rectangular  nozzle 
configuratior(s  evaluated  here  produce  inle’-nozzie 
acoustic  levels  2 ^  12  dB  lower  than  similar  twin 
axisymmetrir  mjxlels  tested  in  this  same  facility  These 
'esults  are  consistent  with  measurements  for  isolated 
plumes  ‘ 


Advanced  STOVL  aircraft  may  be  configured  with  noz¬ 
zles  which  rotate  to  positions  parallel  to  the  fuselage 
during  cmlsa.  Screech  coupling  between  a  |et  and  a 
parallel  plane  surface  was  investigated  to  determine 
whether  coupling  machanisms  similai  to  those  exper¬ 
ienced  in  twin  plumes  exist  for  these  c.'nfigurations.  In 
principle  an  infinite  flat-plate  should  appear  no  different 
than  the  plane  of  symmetry  in  a  twin-nozzle  symmetric 
interaction. 

For  this  investigation  a  1200-mm-square  flat  plate  was 
mounted  on  a  three-dimensional  traversing  system 
parallel  to  the  centerline  of  the  |et  (Figure  9)  The 
streamwise  and  transverse  coordinates  x  and  y  originate 
from  the  nozzle  exit  plane  on  the  axis  of  the  |et.  The  up¬ 
stream  edge  of  the  plate  was  aligned  with  the  nozzle 
exit.  The  near-field  microphone  was  located  at  a  radial 

distance  r  >  1  6  d  from  the  let  centerline  above  Ihe  jet. 
m  ' 

with  the  flat  plate  below  the  let  The  axisymmetric  nozzle 
was  the  same  convergent/divergent  nozzle  used  for  the 
twin  plume  experiments 

The  near-field  screech  amplitudes  for  the  axisymmetric 
plume  iFIg  10)  are  shown  for  normalized  heights  h/d  = 
0  55  through  2.0.  In  general,  the  sequence  of  At .  A2.  B. 
and  C  modes  exists  lor  all  hrd.  but  Ihe  relative  ampli¬ 
tudes  of  the  modes  are  strongly  modified  by  wall 
proximity.  The  At -mode  amplitude  is  independent  of 
wall  position  at  low  Mach  number  because  the  mode 
does  not  induce  plume  motion  which  tends  to  be  sup¬ 
pressed  when  the  wail  is  in  close  proximity  Conversely, 
the  B-  and  C-mode  amplitudes  are  a  strong  lunction  of 
wall  position  because  wall  reflections  enhance  plume 
oscillation,  and  wall  proximity  interferes  with  screech. 

Fr.r  h/d  x  2  0.  the  B-mode  amplitude  vanes  over  a  wide 
range  with  increasing  Mach  number  and  the  screech  is 
highly  intermittent  at  each  NPP  The  screech  amplitude 
decreases  as  expected  near  the  nozzle  design  point  (M| 
48).  and  a  strong  C  mode  interaction  is  engaged  at 
higher  pressure  ratios  At  h/d  *  i  0.  the  B  mode  is 
stronger  and  much  less  intermittent  because  of  inter¬ 
action  with  the  wall  There  is  no  decrease  in  screech 
amplitude  near  the  nozzle  design  point,  and  the  B  mode 
dominates  at  higher  NPR  than  tor  the  free  let  When  the 
wall  IS  at  h/d  x  o  75  the  acoustic  amplitudes  are  similar 
to  those  of  an  isolated  let  and  decrease  at  high  NPR. 
but  the  8  mode  continues  to  dominate  at  high  NPR 
Near  total  suppression  of  the  8  and  C  modes  occurs 
over  the  full  Mach-number  range  at  h  d  x  0  55  The 
trends  observed  here  are  exactly  analogous  to  those 
measured  for  twin  interacting  plumes,  there  appears  to 
be  little  difference  between  a  single  plume  interacting 
with  its  image  in  a  plane  surface  and  the  symmetric 
interaction  of  plumes  from  two  geometrically  similar 
nozzles 

A  senes  of  pressure  transducers  were  used  to  map  the 
unsteady  surface  pressure  below  ihe  unsteady  |et 
Combined  contour  and  carpel  plots  iFig  11)  ore  used  to 
illustrate  Itie  range  of  surface  dynamic  pressures 
Detailed  spectra  were  obtained  at  all  surface  trans¬ 
ducers.  but  in  most  cases  me  data  were  screech  domi- 
nated  so  that  Ihe  narrow  band  and  overall  distributions 
are  indistinguishable 

Two  surface  dynamic  pressure  distributions  are  shown 
in  Fig  1 1  At  h  d  =  0  55  Ihe  greatest  unsteady  loads  are 
appear  in  a  narrow  band  along  me  centerline  of  the  lel 
where  the  lel  contacts  the  wall  When  the  wall  is  farther 
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from  the  let.  high  dynamic  pressure  is  observed  over  a 
wider  segment  of  the  wall  The  greatest  surface  dynamic 
pressures  occur  for  h/d  =  1  0.  even  though  the  plume  is 
far  from  the  plate  surface.  The  plume  is  in  a  strong 
screech  and  the  prime  acoustic  sources  are  at  the  inter¬ 
sections  between  the  shock  diamonds  and  the  shear 
layer  The  multiple  source  pattern  is  directly  reflected  in 
the  OASPL  distribution  on  the  surface  of  the  plate.  The 
peak  unctearfy  loads  are  as  much  as  1 0  times  greater 
than  those  at  h  d  =  0  SS.  which  are  barely  distinguish¬ 
able  from  the  back-^-'Ound  at  the  screech  frequency 

2.4  SCREECH  INTEP-'iCTION  IN  IMPINGING 

OEIS 

The  acoustic  environment  of  a  STOVL  aircraft  In  hover 
is  a  first-order  consideration  in  terms  of  structure  fatigue 
life  and  airframe  weight  penalties.  The  hover  envirorv 
merit  is  highly  three-dimensional,  unsteady,  and  difficult 
to  model  by  other  than  empirical  methods  (Ref  7), 
particularly  in  the  case  of  supersonic  lift  jets. 

The  Impingement  tones  (Refs  8-10)  can  often  have 
significantly  higher  amplitudes  than  scieech  when  an 
aircraft  is  m  hover.  In  multiple  let  configurations  the  up- 
wash  fountain  (Figure  12)  directly  impinges  on  the 
fuselage  undersurface  and  produces  dynamic  loading 
by  hydrodynamic  rather  than  by  acoustic  mechanisms 
While  the  minimization  of  far-field  noise  may  require  that 
scieech  and  impingement  tones  be  minimized, 
minimization  of  undersurface  dynamic  iriads  may  be 
more  closely  tied  to  the  management  of  the  upwash 
fountain  flow 

Four  nozzle  configurations  were  investigated  with  two 
exit  shapes  (round  and  2  1  rectangular),  and  two  axial 
variations  of  cross-sectional  area  (convergent  /  diver- 
gem  designated  CD.  and  constam-area  choked-tubes 
designated  CT)  The  choice  of  nozzle  shape  was  dic¬ 
tated  by  two  considerations.  Round  plumes  lend  to 
undergo  helical  oscillation,  whereas  rectangular  plumes 
have  a  preferred  screech  orientation  normal  to  the  maior 
axis  of  the  nozzles  The  CT  nozzles  were  chosen  to 
produce  maximum  screech  amplitude  and  the  CD  noz¬ 
zles  were  chosen  to  minimize  screech  at  the  design  jet 
Mach  number  Mj  a  1  47 

The  distance  between  the  nozzle  exit  plane  and  the 
ground  plane,  hp.  is  typically  normalized  with  the  effec¬ 
tive  nozzle  diameter,  d^  The  nozzle  spacing  for  this 
configuration  was  4  16  diameters  which  is  signrticamiy 
larger  than  that  for  the  previous  plume  coupling  exper¬ 
iments. 

The  waveiength  and  amplitude  of  screech  for  the 
impinging  twin  plumes  are  plotted  in  normalized  form  as 
a  function  of  distance  from  the  ground  plane  m  Figure 
13  The  nozzles  were  operated  at  NPRa3  5.  the  design 
NPR  for  the  CD  nozzles  In  this  case  tones  observed  m 
the  spectra  may  either  be  screech  or  irnpingemem 
tonec  When  the  normalized  wavelength  is  plotted  as  a 
fu'iction  of  height  above  the  ground  plane  screech  is 
characterized  by  horizontal  lines  because  the  screech 
frequency  is  generally  insensitive  to  distance  from  the 
ground  plane  The  impingement  tones  appear  as  a 
series  of  diagonal  lines  because  the  resonant  wave 
length  is  linearly  related  to  distance  from  the  nozzles  to 
the  ground  plane  Changes  m  the  slope  of  the  diagonals 
are  characteristic  of  impingement  lone  staging,  as 


observed  by  Norum  (Ref  ’0)  for  single  impinging 
supersonic  plumes. 

For  the  axisymmetric  CT  nozzles  plume  screech  is  the 
dominant  noise  source  for  h^^  /  dg  >  3  Below  that  point 
no  resonance  peaks  are  observed,  probably  because 
the  total  amplification  of  the  shear-layer  instability  waves 
between  the  nozzle  and  the  plate  is  msufficlem  to 
sustain  self-excited  oscillation  The  other  tones  present 
show  soma  evidence  of  staging,  but  the  impingement 
tone  amplitudes  are  always  lower  than  those  due  to 
screech.  Thus  the  presence  of  a  strong  screech  reso¬ 
nance  appears  to  interfere  with  the  developmem  of 
impingement  modes 

A  discrete  screech  peak  is  not  present  for  these  CD 
nozzles  at  the  design  NPR=3  S  when  h^  /  dg  >  7,  which 
indicates  that  screech  coupling  is  weak  at  this  compar¬ 
atively  large  nozzle  spacing.  The  screech  tone 
manifests  itself  only  as  the  distance  to  the  ground  plane 
is  decreased,  probably  because  distortion  of  the 
entrainment  flow  due  to  proximity  to  the  ground  plane 
produces  shocks  m  the  plume  There  is  evidence  of 
strong  impingement  tones  and  tone  staging  at  all 
heights  above  the  ground  plane,  and  the  impingement 
tones  have  amplitudes  greater  than  the  scieech  ampli¬ 
tude  except  for  locations  very  close  to  the  ground  plane. 

A  comparison  between  the  CT  and  CD  data  tor  hr,  /  d«  < 
6  leads  to  the  rather  remarkable  conclusion  that  the  CD 
nozzles  operating  at  their  design  point  produce  more 
intense  impingement  tones  than  the  underaxpanded 
plumes  from  the  CT  nozzles  The  interaction  between 
the  screech  and  impingemem-tone  mechanisms  is  such 
that  high-ampiitude  screech  resonance  tends  to  sup¬ 
press  the  impingement  tone  feedback  loop. 
Furthermore,  when  screech  is  suppressed  by  using  the 
CO  nozzles  at  thmr  design  pressure  rat'o.  the  resultant 
strong  impingement  tones  lead  to  greater  overall 
acoustic  levels  for  all  hn  /  df  <  6 

Data  for  rectangular  nozzles  exhibit  similar  trends  to 
those  of  the  axisymmetric  nozzles  The  rectangular 
nozzles  tend  to  produce  greater  acoustic  levels  than  the 
axisymmetric  nozzles  for  h.i  /  d*  <  4.  but  the  amplitudes 
decrease  rapidly  with  increasing  distance  from  the 
ground  plane  Suppression  of  impingement  tones  is  also 
observed  when  strong  screech  is  present 

The  array  of  dynamic  pressure  transduesrs  was  used  to 
measure  the  undersurface  dynamic  load  distributions  for 
a  range  of  operating  conditions  The  d'jtribution  of 
undersurface  dynamic  pressure  for  rectangular  CT 
axisymn.etric  CT,  and  axisymmotnc  C-’D  nozzles  is 
shown  in  Figure  14  lor  h^, ,  dg*  2  m  Figure  14  For  all 
nozzle  configurations  the  region  of  maximum  dynamic 
loading  occurs  between  the  nozzles  at  fy,  /  dg  >  2  Thus 
the  dominant  mechanism  is  neither  screech  nor 
impingement  tones,  but  is  instead  the  unsteady  hydro- 
dynamic  loading  from  the  upwash  fountain  flow  directly 
impinging  on  the  fuselage  undersurface 

The  rectangular  nozzles  produce  significantly  greater 
unsteady  loads  on  the  fuselage  for  small  h,^  in  compar- 
on  with  the  round  nozzles  At  h^  tig  =  2  the  t64  dB 
coninur  has  a  substantially  larger  footprint  and  typical 
wing  loads  are  *-6  dS  greater  than  those  for  the  round 
rinzzles  At  larger  h,^  the  fuselage  loads  are  of  the  same 


ordar  or  lower  than  that  for  the  other  nozzles,  but  the 
wing  loads  remain  greater.  These  differences  are  a 
consequence  of  the  strong  lateral  screech  coupling  ob¬ 
served  for  the  rectangular  nozzle  configuration.  The 
irrtertse  screech  and  impingement  tones  tend  to 
increase  the  fuselage  loading  in  regions  away  from  the 
fountain  impingement  zo.'ie.  The  wing  loading  pattern  is 
consistent  with  the  acoustic  directivity  of  the  rectangular 
plume  flapping  mode 

The  effect  of  operating  the  axisymmetric  C/0  nozzles  at 
their  design  pressure  ratio  is  also  illustrated  in  Figure 
14.  At  ty,  /  dg  ■  2.  the  peak  fuselage  loads  decrease 
slightly  relative  to  those  of  the  CT  nozzles,  but  the 
acoustic  loads  generally  increase  over  the  remainder  of 
the  fuselage.  This  increase  is  probably  a  consequence 
of  increased  impingement  tone  amplitude,  as  observed 
m  the  near-field  microphone  data.  For  small  h,,.  the 
impingement  tones  tend  to  be  augmented  in  the  CO 
nozzles  because  there  is  no  imerference  from  the 
screech  modes.  This  somewhat  surpnsing  result  sug¬ 
gests  that  simple  nozzles  with  slightly  reduced  perfor¬ 
mance  may  minimize  the  unsteady  loading  as  well  as 
the  far-fleld  noise. 
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Flg.1  TVpcal  supersonic  jet  acoustic  spectrum 
(from  Seiner,  Ref.  1) 
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Fig.  2  Schematic  of  screech  instability 
mechanism 
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Fig.  6  Rectangular  jet  interaction  modes 
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Fig.  7  Typical  near-field  acoustic  directivity  for  twin 
rectangular  jet  interaction 
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Fig.  8  Influence  of  rectangular  nozzio  spacing  and 
splay.angle  on  near  field  acoustic  amplitudes 


Microphone 


Fig.  9  Nozzle  and  wall  configuration 


h/d  >  2.0 


Pig.  12  Schematic  of  twin-plume  impingement 
flowfield  with  fuselage  undersurface 


Discussion 


QUESTION  BY:  U.B.  da  Wolf,  NLR,  The  Netherlands 

To  reduce  phase  locking  between  screech  from  twin  nozzles, 
did  you  consider  an  axial  offset  configuration?  Or  a  porous 
baffle  screen  between  the  two  jets? 

AUTHOR'S  RESPONSE: 

Ue  considered  a  large  range  of  geometrical  variation. 
Including  axial  offset,  cant  angle,  Inward  and  outward  splay, 
differential  pitch,  and  nozzle  spacing.  The  only  successful 
approach  for  reducing  plume  coupli.'.g  noise  was  to  cause  the 
plumes  to  merge  rapidly,  primarily  by  Inward  splay.  When  the 
two  plumes  marge  rapidly,  they  act  as  a  single  plume  and 
produce  a  net  lower  screech  amplitude. 

Regarding  a  porous  screen,  the  screen  would  have  to  be 
sufficiently  long  to  shield  the  jets  from  one  another,  and 
the  drag  penalty  on  an  aircraft  may  be  too  high  for  such  a 
device.  We  have  Investigated  using  porous  surfaces  In  contact 
with  the  plume  (for  example,  a  porous  single  expansion  ramp 
nozzle)  and  have  been  very  successful  In  reducing  both 
screech  and  shock-associated  noise.  The  porous  surface 
passively  reduces  stock  strength  In  the  plume  and  produces 
nearly  perfectly  expanded  jets  without  movable  surfaces. 

QUESTIONS  BY:  F.R.  Grosche,  DLR  Cdttlngen,  Germany 

The  screech  tone  of  a  single  jet  can  be  eliminated  by 
destroying  the  feedback  mechanism  by  disturbing  the  nozzle 
symmetry,  e.g.  by  Inserting  a  tab  Into  the  nozzle  exit.  Is 
this  technique  or  are  similar  techniques  also  effective  in 
the  case  of  twin  jets  as  in  the  case  of  a  jet  in  the  vicinity 
of  a  flat  surface  as  discussed  In  your  paper? 

AUTHOR'S  RESPONSE: 

Seiner  has  shown  that  an  intrusive  tab  in  one  of  the  Jets  can 
disrupt  screech  coupling  in  twin-plume  configurations.  The 
disadvantage  of  such  cabs  is  the  high  thrust  penalty 
encountead  when  the  device  is  located  In  the  high-speed 
flow.  In  practical  applications,  such  thrust  penalties  are 
unacceptable . 
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Abstract 

This  paper  is  concerned  with  some  aspects  of  non¬ 
linear  behavior  of  unsteady  motions  in  combustion 
chambers.  The  emphasis  is  on  conditions  under 
which  organized  oscillations  having  discrete  frequen¬ 
cies  may  exist  in  the  presence  of  random  motions.  In 
order  to  treat  the  two  types  of  motions  together,  and 
particularly  to  investigate  coupling  between  noise 
and  combustion  instabilities,  the  unsteady  field  is 
represented  as  a  synthesis  of  acoustic  modes  having 
time-varying  amplitudes.  Each  of  the  amplitudes 
are  written  as  the  sum  of  two  parts,  one  associated 
with  the  random  field  and  the  remainder  represent¬ 
ing  the  organized  oscillations.  After  spatial  averag¬ 
ing,  the  general  problem  is  reduced  to  solution  of 
a  set  of  second-order  ordinary  differential  equations 
whose  structure  depends  on  the  sorts  of  nonlinear 
processes  accounted  for.  This  formulation  accom¬ 
modates  any  physical  process;  in  particular,  terms 
are  included  to  represent  noise  sources,  although 
only  limited  modeling  is  discussed  here.  Our  re¬ 
sults  suggest  that  random  sources  of  noise  lave  only 
small  effects  on  combustion  instabilities  and  seem 
not  to  be  a  cause  of  unstable  motions.  However, 
the  coupling  between  the  two  sorts  of  unsteady  mo¬ 
tions  may  be  imnortant  as  an  essential  process  in  a 
proposed  scheme  for  rioise  control. 

It  is  now  a  familiar  observation  that  many  nonlinear 
deterministic  systems  are  capable  of  exhibiting 
apparently  random  motions  called  ‘chaos.’  This  is  a 
particularly  interesting  possibility  for  systems  which 
also  execute  non-deterministic  random  motions.  In 
combustion  chambers,  a  nonlinear  deterministic 
system  (acoustical  motions)  exists  in  the  presence 
of  noise  produced  by  flow  separation,  turbulent 
motions,  and  energy  released  by  combustion 
processes.  The  last  part  of  the  paper  is  directed 
to  the  matter  of  discovering  whether  or  not  chaotic 
motions  exist  in  combustion  systems.  Analysis 
has  not  progressed  sufficiently  far  to  answer  the 
question.  We  report  here  recent  results  of  processing 
data  taken  in  one  combustor  to  determine  the 


dimensions  of  any  attractors  in  the  motions.  No 
evidence  has  been  found  for  chaos  in  the  strict  sense, 
but  the  method  seems  to  be  an  important  means  of 
investigating  the  nonlinear  behavior  of  combustion 
eystems. 

1.  Intreductioii 

Jet  aircraft  in  flight  carry  two  types  of  noise  sources; 
external  and  internal.  External  sources  include 
boundary  layers,  separation  regions  on  the  airframe, 
and  especially  jet  noise  associated  with  the  exhaust 
flow.  We  are  concerned  here  with  some  aspects  of 
internal  noise  generated  in  combustion  chambers. 

Following  a  period  of  considerable  research  on 
the  subject  of  combustion  noise  during  the  1970s, 
relatively  little  attention  seems  to  have  been 
directed  to  theoretical  aspects  of  the  subject. 
A  good  review  of  much  of  the  work  has  been 
given  by  Strahle  (1978).  Both  experimental  and 
theoretical  results  were  obtained,  but  it  seems  a  fair 
statement  that  the  theory  of  combustion  noise  has 
not  progressed  as  far  as  the  theories  of  external  Jet 
I'.oise.  The  works  by  Chiu  and  Summerfleld  (1973) 
and  by  Chiu,  Plett,  and  Summerfleld  (1975)  seem 
to  be  the  most  complete  treatments  of  combustion 
noise  in  chambers  or  ducts,  in  which  the  unsteady 
motions  comprise  both  random  fluctuations  and 
coherent  oscillations.  More  recent  experimental 
work  has  been  reported  (Poinsot  tl  al.  1986;  Hegde, 
Reuter,  and  Zinn  1988)  with  some  analysis  of  data, 
but  no  advances  in  theory.  The  gene.'al  problem 
of  internal  noise  shares  common  features  with  that 
of  external  noise,  but  the  differences  are  sufficiently 
great  that  probably  a  theory  of  internal  noise  should 
take  a  rather  different  form. 

In  the  first  part  of  this  paper  we  construct  an 
approximate  analysis  having  such  a  form  as  to 
be  applicable  only  to  a  restricted  class  of  internal 
problems.  It  is  important  to  appreciate,  however, 
that  because  sources  of  noise  in  a  flow  .always 
are  associated  with  unsteady  motions  of  the  fluid 
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medium,  there  must  be  intrinsic  similarities  between 
external  and  internal  theories.  Hence  as  a  part 
of  the  formulation  here,  we  discuss  some  of  those 
similarities,  helping  to  clarify  where  the  internal  and 
external  theories  diverge. 

The  approximate  analysis  described  here  is  an 
extension  of  a  formulation  used  for  many  years 
to  study  combustion  instabilities,  based  on  a  form 
of  Galerkin’s  method  (Zinn  and  Powell  1971  and 
Culick  1971,  1975,  1990  for  example).  As  described 
in  Section  2,  the  main  idea  is  to  represent  a 
general  unsteady  motion  in  a  chamber  as  a ..  -nthesis 
of  orthogonal  acoustic  modes  of  the  chamber, 
computed  for  the  same  geometry  but  with  no 
combustion  or  mean  flow. 

Spatial  averaging  produces  a  system  of  ordinary, 
nonlinear  second-order  equations  in  time  for  time- 
dependent  amplitudes.  At  this  point  the  chief 
difference  from  previous  work  is  that  the  equations 
contain  random  or  stochastic  sources  (unspecifled 
in  detail)  and  correspondingly  the  amplitudes  are 
sums  of  deterministic  and  stochastic  parts. 

In  Section  3  we  discuss  a  procedure  for  splitting  the 
unsteady  field  as  a  superposition  of  the  coherent 
acoustic  and  random  motions.  The  results  display 
explicitly  coupling  between  the  acoustic  motions 
only,  between  the  acoustic  and  random  motions, 
and  interactions  involving  only  the  random  motions. 
In  this  formulation,  the  last  appear  as  external 
stochastic  excitation  of  the  acoustical  motions. 

Following  well-established  methods  (e.g.  Krylov 
and  Bogoliubov  1947  for  deterministic  systems 
and  Stratonovich  1963  for  stochastic  systems)  we 
then  average  the  equations  in  time  to  produce  a 
set  of  first-order  equations  used  as  the  basis  for 
the  calculations  discussed  in  Section  4.  Time¬ 
averaging  brings  errors  which  can  be  assessed  only 
by  comparison  of  numerical  results  with  solutions 
to  the  second-order  equations.  Recent  work  by 
Jahnke  and  Culick  (1991)  has  done  much  to  clarify 
the  matter  for  deterministic  systems  but  we  have 
no  corresponding  results  for  systems  containing 
stochastic  sources.  The  results  given  in  Section 
4  are  preliminary,  illustrating  possible  effects  of 
stochastic  sources  on  stable  deterministic  motions 
and  on  stable  limit  cycles. 

That  the  unsteady  motions  in  a  combustion 
chamber  are  intrinsically  nonlinear  (although  the 
nonlinear  effects  may  often  be  small  in  some 
sense)  and  that  nonlinear  deterministic  systems  are 
capable  of  c.xecuting  apparently  random  behavior, 
called  ‘chaos,’  suggests  that  we  should  seek  the 
possible  existence  of  chaotic  behavior  in  combustion 
chambers.  The  question  seems  first  to  have  been 


raised  by  Kantor  (1984)  in  respect  to  the  processes 
in  a  reciprocating  engine  and  later  investigated 
by  Keanini,  Yu,  and  Daily  (1989)  for  a  dump 
combustor.  The  case  of  a  reciprocating  engine  is 
different  because  of  the  presence  of  the  ignition 
spark.  In  any  event,  those  results  seem  not  to 
have  established  unambiguously  that  chaos  has 
been  identified  in  those  systems.  Difficulties 
accc  -npanying  the  methods  of  processing  time-series 
data  tend  to  obstruct  definite  conclusions. 

In  Section  5  we  investigate  the  possibility  of  chaotic 
behavior  with  analysis  of  data  taken  at  Caitech 
in  the  past  few  yi  :irs  with  a  dump  combustor. 
Although  the  results  show  the  existence  of  an 
attractor,  it  has  integral  dimension  2,  i.e.  it  is 
a  toroidal  attractor  incapable  of  chaotic  motions. 
The  behavior  can  be  represented  by  simple  models 
of  nonlinear  behavior  but  .satisfactory  connection 
with  the  analysis  described  in  the  earlier  sections 
of  the  paper  has  not  been  completed.  Cur  results 
have  been  attained  only  for  one  combustion  system 
and  no  generalization  can  be  attributed  to  our 
conclusions. 

Recent  works  demonstrating  ‘control  of  chaos’ 
both  theoretically  and  experimentally  (see  Ott 
et  al.  1990;  Ditto,  Rauseo,  and  Spano  1990) 
suggest  investigating  the  possibility  of  exerting 
corresponding  control  of  a  combustion  system.  At 
this  time,  the  possibility  is  thinly  founded  and 
speculative.  The  idea  is  the  following.  Chaotic 
behavior,  motion  on  a  strange  attractor,  consists 
of  motions  in  many  orbits  (modes)  simultaneously. 
Controlling  chaos  consists  in  exerting  an  external 
influence  forcing  the  system  to  execute  chiefly  a 
low-amplitude  stable  motion.  The  ‘orbits’  in  a 
combustion  system  are  the  acoustic  modes. 

If  then  the  true  random  beli.tvior  (the  noise  so 
annoying  in  practice)  is  coupled  (nonlinearly)  to  the 
acoustic  modes  —  i.e.  the  orbits  comprising  the 
attractor  —  then  it  may  be  possible  to  control  the 
noise  field  by  controlling  the  components  (modes 
or  orbits)  of  the  chaotic  motion.  Of  course  it  is 
unnecessary  to  obscure  the  basic  notion  with  the 
language  of  the  theory  of  chaos  and  dynamical 
systems  theory.  However,  it  is  important  to 
understand  the  connection  in  order  to  make  use 
of  theoretical  methods  and  results  available  from 
recent  work  in  that  field.  It  is  also  possible  that 
in  the  case  at  hand,  nonlinear  coupling,  and  hence 
energy  flow,  between  the  noise  and  acoustic  fields 
may  offer  the  possibility  of  control  even  though  the 
acoustical  motions  do  not  occur  in  chaotic  form. 

Essentially  what  we  suggest  is  the  possibility  of 
reducing  the  noise  field  —  or  perhaps  affecting  the 
spectral  distribution  —  by  suitable  control  of  the 
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acoustic  modes  of  the  chamber.  Nonlinear  coupling 
of  the  deterministic  and  random  motions  is  clearly 
necessary  for  this  scheme  to  work.  We  are  far  from 
being  able  to  check  the  validity  of  this  idea  in  respect 
to  combustion  systems.  Uncertainty  is  associated 
with  this  particular  application,  not  the  general 
idea,  which  has  been  confirmed  by  results  obtained 
with  other  systems.  Whatever  the  mechanism,  some 
experimental  results  (Wilson  ti  al.  1991;  Gulati 
and  Mani  1990;  and  Poinsot  e<  al.  1989)  suggest 
that  control  of  acoustic  oscillations  can  be  used  to 
control  the  random  fluctuations  as  well.  Figure  1, 
taken  from  Poinsot  et  al.  1989  shows  an  example. 
Reduction  of  the  amplitude  of  an  acoustic  mode 
was  accompanied  by  a  reduction  in  the  broadband 
background.  This  probably  shows  in  the  first 
instance  that  the  presence  of  organized  oscillations 
increased  the  noise  level.  However,  the  results 
also  confirm  a  phenomena  already  established  in 
experiments  with  open  flames  (eg.,  Rapp  and 
Scl  leider  1972;  Beckert  and  Pfizennaies  1972) 
that  the  processes  generating  noise  are  measurably 
influenced  by  an  acoustic  field.  Partly  because  the 
more  recent  works  were  intended  to  control  the 
acoustic  oscillations  only,  the  matter  of  controlling 
noise  in  this  fashion  has  not  been  explored  either 
analytically  or  experimentally. 


We  must  emphasize  also  that  even  should  control  of 
noise  be  established  as  a  possibility  in  principle,  the 
great  problem  remains  of  practical  implementation. 
Active  control  of  combustion  instabilities,  without 
regard  for  noise  in  the  system,  is  a  subject  of 
current  research  (Mc.Manus,  Poinsot.  and  Candel 
1991  have  given  a  recent  review  of  the  subject). 
Promising  results  have  been  obtained  in  laboratory 
devices  using  gaseous  fuels  and  oxidizers.  Feedback 
control  of  an  acoustic  generator  (loudspeaker)  or  of 
a  secondary  supply  of  fuel  has  been  used  successfully 
to  reduce  the  levels  of  unstable  oscillations.  So  far 
as  we  know,  correspondingly  successful  results  have 
not  been  reported  for  liquid-fueled  systems. 


2.  Formulation  of  an  Approxlmata  Analysis 

The  sort  of  analysis  described  here  has  been 
used  for  many  years  to  investigate  combustion 
instabilities  in  solid  propellant  rockets  and  liquid- 
fueled  systems,  mainly  ramjet  engines.  Hence  we 
need  only  summarize  the  formulation  here  with 
a  view  partly  to  comparing  this  analysis  and  the 
theory  of  combustion  instabilities  to  the  well-known 
theory  of  aerodynamic  noise  initiated  by  Lighthill 
(1952,  1953). 

In  order  to  accommodate  the  processes  occurring 
in  a  combustion  chamber,  we  begin  with  the 
compleif  conservation  equations  for  the  gas  phase 
with  sources  of  mass,  momentum,  and  energy; 

Matt 

^-hV-(pu)  =  W  (2.1) 

Momentum 

^i§p.  +  V{puu)  =  Vr  +  F  (2.2) 

ot 

Energy 

?i^  +  T7.(pSeo)  =  V  (r  u)-V  q  +  Q  (2.3) 

The  heat-flux  vector  is  f  and  the  stress  tensor  is  the 
sum  of  the  isotopic  pressure  and  the  viscous  stress 
tensor  ?; 

T  =:  -pT  +  5  (2.4) 

It  is  necessary  to  specify  the  forms  of  the  sources 
W,  f,  and  Q  which,  for  example,  may  contain 
the  influences  of  condensed  phases  and  chemical 
reactions.  Owing  to  uncertainties  in  the  properties 
of  actual  systems,  it  is  entirely  satisfactory  to 
represent  the  medium  as  a  single  mass-averaged 
perfect  gas  having  the  equation  of  state 

p  =  RpT  (2.5) 

and  internal  energy  e,  such  that 

de  =  C„dT  (2.6) 


Subtraction  of  the  scalar  product  of  the  velocity 
and  (2.2)  from  (2.3)  leads  to  the  equation  for  the 
temperature 


^.(f +  !  vr) 


=  —pV  a  +  —  V  ■  q  +  Q 


-(eo-u’)W-u/  (2.7) 
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where  the  dissipation  function  is 

I  ♦  =  5  •  V  •  u  (2.8) 

Because  the*  primary  source  of  data  for  motions 
in  a  combustion  chamber  is  measurement  of  the 
time-dependent  pressure,  there  has  long  been  strong 
motivation  to  build  theoretical  frameworks  around 
the  pressure  as  the  leading  dependent  variable. 
Combination  of  (2.1),  (2.5),  and  (2.8)  gives  the 
energy  equation  written  for  the  pressure 

dp  _ 

^  +  u.Vp 

=  -7pV  -  tr.fj 

(2.9) 


Finally,  the  equation  for  the  entropy  of  the  gases 
follows  from  its  definition 

Tdt  =  de  +  pd  =  C.dT  -  dp  (2.10) 

Substitution  of  (2.7)  and  (2.1)  leads  to 

pT  +  u  -.Vi^  =  <J-(7e-a’)W-u-/' 

(2.11) 

As  a  matter  of  convenience  to  simplify  writing,  we 
re-write  the  basic  equations  (2.1),  (2,2),  (2.7),  (2.9), 
tind  (2.11)  in  the  forms 


II 

(2.12) 

Du  - 

P-^  =  -Vp  +  :r 

(2.13) 

DT 

'.-5j-  =  -pVtr+G 

(2.14) 

Dp 

—  .-T  -ypV  -’t  +  V 

(2.15) 

Os  _  1 

Dt 

(2.16) 

where  0/Dt  =  d/dt  +  S  ■  V  \s  the  usual  convective 
derivative,  and 


W  =  -pV  •  u+  W 

/  =  f  -  uW 

Q  =  <t- Vf-(-Q-(eo-  u-)W-t7  F 

P=;^Q  +  i:W 

L'v 

S  =  Q-(-,-l)e\V=  ^  [P-nnv] 

(2.17)0 -e 


These  equations.  (2, 12)  -  (2, 16),  are  the  basis  for  the 
theories  of  both  combustion  instabilities  and  noise  in 


combustion  systems,  but  in  this  form  they  are  much 
too  general.  No  purpose  is  served  here  by  tracing 
detailed  construction  of  the  simplified  equations 
actually  used  in  existing  works,  but  it  is  important 
to  appreciate  the  gist  of  the  matter  in  order  to 
understand  both  the  differences  and  similarities  of 
the  two  kinds  of  theories  now  summarized  in  turn. 


2.1  Combustion  Instabilities 

Extensive  observations  obtained  during  several 
decades  for  many  systems  of  all  types  confirm  that 
combustion  instabilities  are  waves  in  the  combustion 
product  gases  excited  and  sustained  primarily  by 
the  energy  released  in  chemical  reactions.  The 
frequencies  of  oscillations  usually  are  quite  close 
to  those  estimated  with  classical  results  applied  to 
the  same  geometry,  a  chamber  enclosed  by  rigid 
wails,  with  the  speed  of  sound  equal  to  that  for  the 
high  temperature  products.  Hence,  it  is  reasonable 
to  treat  all  combustion  and  flow  processes  as 
perturbations  of  the  classical  problem.  Some 
adjustments  must  be  made  in  special  circumstances 
but  that  view  is  adequate  for  the  purposes  here. 

Then  the  dependent  variables  are  written  as  surns 
of  mean  and  fluctuating  values,  p  =  p-f  p',  etc.  with 
the  mean  values  independent  of  time,  usually  (but 
not  always)  a  good  assumption.  Two  alternative 
strategies  can  be  followed  to  obtain  nonlinear 
equations  for  the  fluctuations:  either  a  nonlinear 
equation  for  the  pressure  can  be  formed  from  the 
primitive  equations  (2.12)  -  (2.16),  followed  by 
substitution  of  the  assumed  forms  for  the  dependent 
variables,  or  those  forms  can  be  substituted  in 
(2.12)  -  (2.16)  and  then  the  nonlinear  wave  equation 
for  the  pressure  fluctuation  is  constructed.  For 
comparison  with  later  remarks  on  the  theories  of 
noise,  we  first  form  the  wave  equation. 

Write  (2.15)  in  the  form 
^  +  a;V(pu) 

=  (oj  -  a’)V  •  (pu)  -  (u  •  Vp-a’u  •  Vp)  -)-  V 


where  a*  =  ypr/Pr  is  a  reference  speed  of  sound, 
properly  taken  as  the  average  value  in  the  chamber, 
and  =  yp/p  is  the  local  value.  Then  differentiate 
with  respect  to  time  and  substitute  (2.1)  for  V  (pu); 
some  rearrangement  !ead>  to 
/ 


|f-n=VV=^V.(V.f-F) 

3,-3 


) 


where 


T  =  puu  —  5  (2.19) 

We  note  for  later  discussion  that  equation  (2.18) 
contains  the  substance  of  the  principles  of  conserva¬ 
tion  of  mass,  momentum,  and  energy  as  well  as  the 
equation  of  state  for  a  perfect  gas.  The  boundary 
condition  for  the  pressure  is  formed  by  taking  the 
scalar  product  of  the  outward  normal  vector  n  at 
the  boundary  surface  with  the  momentum  equation 
(2.13): 


h  ■  Vp  = 


n  —  (pu  •  Vu)  ■h  +  f  -h 


(2.20) 


Rather  than  use  (2.18)  to  construct  the  wave 
equation  for  the  pressure  fluctuation,  we  now  follow 
the  second  strategy  noted  above,  beginning  with 
the  equations  obtained  from  (2.1)  -  (2.3)  written 
to  second  order  in  the  fluctuations: 


dt 


+  pV  -  tT 


=  p'V  •  u  -  u  •  Vp'  -  V  •  (p'u")  +  W' 


(2.21) 


P-^  +  Vp 


=  — p(u  ■  Vti  -(■  u*  ■  Vu) 


-pS'.Vu'-p'^+f'  (2.22) 


at 


+  7pV  •  S' 

=  -S.  Vp'-7p'V  .5 

-(O'  •  Vp'  -(■  7p'V  •  iT)  +  P'  (2.23) 


of  acoustic  waves,  they  found  that  nonlinear  inter¬ 
actions  among  vorticity  disturbances  constitute  a 
dominant  source  of  acoustic  waves.  That  conclusion 
had  been  reached  several  years  earlier  by  Lighthill 
(1952)  in  his  theory  of  the  generation  of  aerody¬ 
namic  noise.  In  combustion  chambers,  generction 
of  pressure  waves  by  unsteady  burning  seems  to  be 
the  dominant  source. 

Differentiation  of  (2.23)  with  respect  to  time  and 
substitution  of  (2.22)  for  V  •  (du/dt)  leads  to 
the  wave  equation  used  in  the  remainder  of  this 
discussion: 

where  o*  =  7p/p  is  the  average  speed  of  sound 
assumed  to  be  uniform  in  the  chamber,  and  the 
right-hand  side  is 

/i=:-pV(uVir-hirVu) 

+  ^^(SVp'  +  7p'V-S) 

1  dV* 

(2.25) 

The  associated  boundary  condition,  formed  as  the 
scalar  product  of  n  and  (2.22)  is 


n  .  Vp'  =  -/  (2.26) 


with 


These  equations  have  formed  the  basis  for  investi¬ 
gating  nonlinear  combustion  instabilities  to  second 
order  in  the  gasdynamic  fluctuations  and  first  order 
in  the  mean  flow  field.  Thus  the  fluctuations  are  as¬ 
sumed  to  represent  only  the  acoustic  disturbances. 
The  justification  for  this  assumption  is  the  prinw 
ple  most  thoroughly  discussed  by  Chu  and  Kovass- 
nay  (1958).  In  the  limit  of  small  amplitude  fluctua¬ 
tions,  any  disturbance  can  be  treated  as  a  synthesis 
of  three  independent  modes  of  propagation:  acous¬ 
tic,  vortical,  and  entropic.  Hence  in  the  limit  of 
linear  behavior,  we  can  study  acoustical  problems 
(in  particular  the  stability  of  waves  in  a  combustion 
chamber)  without  regard  for  other  unsteady  mo¬ 
tions,  including  turbulent  fluctuations.  Finite  am¬ 
plitude  motions  involve  nonlinear  interactions  that 
mix  the  modes  and  the  principle  of  superposition 
naturally  fails. 

Chu  and  Kovasznay  estimated  the  relative  magni¬ 
tude  of  the  various  nonlinear  interactions  coupling 
the  hree  modes  of  propagation.  A  result  partic¬ 
ularly  relevant  here  is  that  of  the  possible  sources 


/  =  p-^  •  n  +  p(u  •  Vu*  -f  S'  ■  Vu)  •  n 

Jrp(S:VS')h+p'^-h-f'n  (2.27) 

In  accord  with  earlier  remarks,  we  have  in  mind 
problems  in  which  the  primed  quantities  represent 
the  sum  of  acoustic  and  non-acoustic  fluctuations, 
the  latter  taken  here  to  be  ‘noise’  associated  chiefly 
with  vortical  fluctuations.  We  simply  ignore  the 
existence  of  entropic  disturbances  (or  ‘hot  spots’ 
moving  with  the  local  velocity  of  the  medium) 
justified  partly  by  the  estimate  provided  by  Chu  and 
Kovasznay  that  interactions  between  the  acoustic 
and  vortical  fields  with  entropic  disturbances  are 
relatively  weak  within  the  volume  of  the  chamber. 
Interactions  of  entropic  waves  with  a  boundary 
—  particularly  a  choked  nozzle  —  can  produce 
sound  waves,  although  this  seems  also  a  lesser 
effect  (Menon  and  Jou  1990).  Hence  whereas  in 
previous  analyses  of  combustion  instabilities  the 
fluctuations  represented  the  acoustic  field,  now 
we  must  treat  the  acoustic  and  vortical  fields 
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together.  All  fluctnat.ag  quantities  will  therefore  be 
written  as  sums  acoustic  properties,  denoted  (  )* 
and  properties  associated  mainly  with  the  vortical 
motions,  identified  by  superscript  ('),  for  example 

p'  a  p*  +  p,  iT  =  u"  -(■  n,  p'  =  p®  +  p,  . . .  etc. 

(2.28) 

In  this  way  we  shall  be  able  to  accommodate 
combustion  instabilities  and  combustion  noise  in  the 
same  framework,  founded  on  applying  a  method  of 
spatial  averaging  to  the  system  of  equations  derived 
above. 

The  idea  is  that  any  unsteady  motion  in  the 
chamber  can  be  synthesized  of  an  appropriate  set 
of  modes  ^;(r)  of  the  chamber  with  time-varying 
amplitudes  q>(();  the  amplitudes  are  defined  by 
expressing  the  pressure  fluctuation  in  the  form 

p'(f,0  =  pf;q;(0l^y(’^  (2.29) 

j=i 


of  a  noise  field  requires  that  the  series  (2.29)  contain 
high-order  modes  as  well. 

The  set  (2.31)  has  been  the  basis  for  routine  analysis 
of  combustion  instabilities  in  solid  propellant 
rockets.  Good  results  have  been  obtained  for  linear 
stability  and  nonlinear  behavior:  some  important 
unresolved  questions  remain,  notably  satisfactory 
explanation  of  nonlinear  stability  or  ‘triggering’ 
(Paparizos  and  Culick  1991).  This  formalism  has 
also  been  used  to  study  ramjet  engines;  with 
suitable  modeling  of  the  special  physical  processes 
involved,  the  approach  is  applicable  to  afterburners 
and  liquid  rockets. 

Before  analyzing  interactions  between  a  noise  field 
and  combustion  instabilities,  we  discuss  briefly  the 
relation  of  this  formulation  to  previous  analyses  of 
combustion  noise. 

2.2  Combustion  Noisa 


Thus  when  we  write  the  variables  in  the  form 
(2.28),  it  is  the  amplitudes  that  will  be  split  into 
the  acoustic  and  vortical  (more  generally,  ‘non¬ 
acoustic’)  parts.  The  mode  shapes  depend  on 
the  geometry  of  the  chamber  and  on  the  boundary 
conditions;  if  the  exhaust  nozzle  is  choked,  and  the 
.Mach  number  at  the  entrance  is  not  too  large,  it 
is  often  a  good  approximation  to  set  the  normal 
gradient  of  t/iy  equal  to  zero.  Whatever  the  case,  we 
assume  that  an  orthogonal  set  of  modes  is  available 
and  here  we  assume  that  the  d'n  satisfy 


-f  =  0 

n  •  V0„  =  0 


(2.30)a,6 


where  k„  is  the  wavenumber  of  the  n'*  mode.  Then 
straightforward  computations  (Culick  1975,  1988; 
Culick  and  Yang  1989)  lead  to  the  equations  for  the 
amplitudes 

=  (2.31) 

where  ij„  is  the  frequency  of  the  n'*  mode,  w„  = 
ak„,  and 


hipndV  -h 


(2.32) 


El 


(2.33) 


Equation  (2.31)  represents  a  set  of  coupled  nonlinear 
equations,  one  associated  with  each  of  the  modes 
i'n-  For  analysis  of  combustion  instabilities, 
.satisfactory  results  are  often  obtained  by  retaining 
only  a  small  number  of  modes  (Paparizos  and  Culick 
1989a,  Jahnke  and  Culick  1991),  but  representation 


Much  of  the  theoretical  work  on  combustion 
noise  has  been  founded  on  Lighthill’s  theory  of 
aerodynamic  noise,  so  it  is  appropriate  to  begin  with 
a  few  remarks  on  that  theory.  The  chief  purposes 
here  are  to  make  connections  with  the  formulation 
described  here  and  to  emphasize  certain  items  that 
arise  in  our  treatment  of  noise  and  combustion 
instabilities  within  a  chamber.  Hence  the  following 
is  but  a  brief  and  incomplete  summary  of  a  few 
general  aspects  of  the  theory.  In  particular,  we  do 
not  deal  with  the  details  of  the  most  important  part 
of  the  subject  —  the  source  of  noise.  Moreover,  this 
is  not  a  critical  survey  of  previous  works:  ample 
coverage  of  the  approximations  involved  in  theory, 
and  the  extent  to  which  they  may  he  valid,  has  been 
given  in  several  review  papers  cited  later. 

Lighthill’s  theory  (1952)  begins  with  rearrangement 
of  the  conservation  equations  to  give  a  wave 
equation  for  the  density.  The  corresponding 
equation  for  the  pressure  was  subsequently  used  by 
several  writers  (Lilley  1973;  Doak  1973;  Howe  1975). 
As  noted  earlier,  we  prefer  pressure  as  the  primary 
variable  for  investigating  unsteady  motic>nc  in 
combustion  chambers.  The  crucial  idea  introduced 
by  Lighthill  that  made  possible  substantial  progress 
has  been  given  the  name  “acoustic  analogy." 
Instead  of  treating  tlie  nonlinear  wave  equation,  he 
formed  the  difference  between  the  equations  for  the 
density  fluctuations  in  the  actual  flow  field  and  those 
in  a  gas  at  rest. 

The  acoustic  analogy  for  the  pressure  is  expressed 
formally  by  combining  the  equations  for  conserva¬ 
tion  of  mass  and  momentum  in  the  following  way. 
Differentiate  (2.1)  with  respect  to  time,  substitute 
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(2.2)  for  d(fyu)/dt,  and  subtract  from  both 

sides  to  lind 

— -a;Vp 

=  V  ■  jv  ■  {pSu—  5)  -h  V  •  (p  —  a;p)  Jj 

:(v.F-f:)  (2.34) 

With  no  sources  of  mass  and  momentum  {IV  and 
f  set  equal  to  0)  this  becomes  Lighlhill’s  basic 
equation.  To  find  the  corresponding  equations  for 
pressure  (Lilley  1973),  remove  the  terms  a-V'^p  from 
both  sides  of  (2.34),  multiply  the  equation  by  a,, 
and  add  d^p/dt^,  giving 


the  noise  produced  by  jet  aircratt.  Tims  the  sound 
field  must  be  computed  in  the  atmosphere  o  it.side 
the  region  where  the  sources  reside.  The  proolem 
comes  down  entirely  to  specifying  the  distribution 
of  sources,  the  right-hand  side  of  (2.33).  In  fact, 
it  would  be  enough  to  be  able  to  specify  the  source 
distribution  (of  monopolcs  and  dipoles)  on  a  surface 
enclosing  the  region  containing  the  true  sources,  a 
point  of  view  discussed  by  Ffowcs-Williams  ( 1974). 
That  property  implies  an  int  iisic  ambiguity  in 
the  problem:  two  source  '’i'frib  itions  that  differ 
by  a  non-radiating  distribufo  produce  the  same 
distribution  field  outside  .  fgion  in  question. 
Consequently,  me:  suremen'  of  the  radiated  field 
cannot  be  interpreted  to  give  a  unique  source 
distribution. 


-a*V>p 

=  aJV  •  [V  •  (puu  —  (?) 


d 

'^dt 


(2.35) 


Note  that  neither  (2.34)  nor  (2.35)  involve  the 
energy  equation.  But  the  second  must,  be  consistent 
with  equation  (2.18);  the  right-hand  sides  are 
identical  only  if  the  following  condition  is  imposed: 


Hence  a  complete  solution  to  the  problem  of  sound 
produced,  for  example,  by  a  jet,  can  be  had 
only  by  addressing  the  very  difficult  theoretical 
and  experimental  matters  associated  with  the 
source  distribution  in  the  volume  containing  the 
responsible  fluctuations.  To  make  connection 
with  combustion  instabilities  and  combustion  noise 
we  need  to  discuss  briefly  some  aspects  of  the 
theoretical  work,  keeping  in  mind  the  noise 
produced  by  an  exhaust  jet  as  the  canonical 
example. 


^^{p  ~  alp)  +  alW 

r=  (aj  -  a*)  V  •  {pu)  -  (u  -  Vp-  a^u  •  Vp)  -fP 
=  (oj  -  a’)  pV  •  u  -  u  •  V  (p  -  a^p)  -h  V 

This  can  be  written  in  the  appealing  form 


^  (p  -  a=p)  =  (a?  -  a=)  pV .  u  +  P  -  o?  W  (2.36) 

which  is  actually  an  identity  following  from  the 
equations  for  conservation  of  mass  (2.12)  and  energy 
(2.15).  Upon  substituting  (2.17)d  and  (2.16)  for  P, 
we  have 


D  ,  j  ,  R  P.s  ,  /  j  3\ 

-(p-a,p)  =  -pr— +(a  -a.)  — 


(2.37) 


Thus  if  the  speed  of  sound  is  constant,  taken  to  be 
the  reference  value,  the  combination  p  —  ajp  for  a 
fluid  element  changes  only  if  the  entropy  varies. 


For  isothermal  flows,  Lighthill  showed  that  the 
dominant  term  in  the  right-hand  side  of  (2.34),  or 
equivalently  (2.35)  is  that  invo[Ving  the  velocities: 
the  density  can  be  approximately  constant,  p  =  p 
and  with  a,  =  d,  the  governing  equatkn  (2.35)  for 
the  pressure  field  is 

g£-a^V»p=d’V-[V.(AJir)]  (2.38) 

The  great  difficulty  in  solving  (2  38)  arises  from 
the  fact  that  within  the  source  region,  where  the 
right-hand  side  is  non-zero,  the  motions  comprise 
both  those  causing  the  acoustic  field  (in  particular, 
turbulent  fluctuations)  and  the  acoustic  field  itself. 
But  to  obtain  solutions  easily,  one  needs  to  know  the 
source  terms  independently  of  the  acoustic  pressure 
(and  hence  velocity).  Moreover,  the  mean  flow  field 
exerts  at  least  two  important  influences:  the  sources 
are  carried  with  the  flow,  and  a  non-uniform  flow 
causes  refraction  of  the  acoustic  field. 


Following  Lighthill's  original  works  in  1952  and 
1953,  many  calculations  exist  for  aerodynamic 
sound  fields,  based  on  the  acoustic  analogy 
expressed  by  equation  (2.31).  The  idea  is  that  the 
right-hand  side  is  somehow  specified  so  the  equation 
is  an  inhomogeneous  linear  wave  equation  readily 
solved  by  well-known  methods.  The  most  common 
problem  treated  is  the  sound  field  emitted  by  a  jet, 
motivated  especially  by  the  practical  need  to  reduce 


To  obtain  solutions  to  (2.35),  Lighthill’s  idea  was 
to  replace  the  true  sources  by  an  equivalent  source 
distribution  stationary  with  respect  to  the  ambient 
field  outside  their  region  of  activity.  ('Solving' 
equation  (2.38)  means  in  this  context  finding  a 
formula  with  which  one  may  compute  the  sound 
field  outside  the  region  containing  the  sources;  see, 
for  example,  equation  2.42.)  In  this  first  instance, 
it  is  clearly  convenient  simply  to  ignore  convection 
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and  refraction.  In  principle,  ai  Lighthill  noted, 
if  one  could  specify  the  eijuivalent  source  Reid 
accurately,  both  convection  and  refraction  could  be 
accounted  for.  In  the  interests  of  obtaining  results 
with  some  ease  most  investigators  have  constructed 
equivalent  source  distributions  without  trying  to 
model  the  effects  of  convection  and  refraction: 
the  assumption  is  not  so  serious  as  one  might 
e.xpect.  Nevertheless,  the  problem  of  accounting 
for  convection  and  refr.action  within  the  acoustic 
analogy  seems  not  to  have  been  satisfactorily  solved. 

Perhaps  the  best  known  attempts  to  account  for 
some  of  the  influences  of  the  mean  flow  are  Phillips’ 
( 1960)  derivation  of  a  convective  wave  equations  (his 
work  was  followed  by  others  —  see  Doak  1973  and 
Ribner  1981  for  summaries)  and  the  work  by  Mani 
(1972,  1973),  who  treated  relatively  simple  cases 
to  display  possible  effects  of  convection.  Schubert 
( 1972)  has  examined  the  problem  of  refraction  using 
numerical  solutions  with  some  success. 


It  seems  fair  to  conclude  that  the  influences  of 
convection  and  refraction,  while  not  always  small 
(particularly  in  supersonic  jets),  are  nonetheless 
secondary.  Hence  in  low-speed  flows,  one  might 
suspect  that,  using  Lighthill’s  acoustic  analogy  with 
an  equivalent  stationary  source  distribution,  the 
results  obtained  should  be  a  reasonably  good  first 
approximation.  That  has  essentially  been  the  view 
of  those  working  in  the  field  of  combustion  noise. 

Essentially  two  theoretical  treatments  of  combus¬ 
tion  noise  survived  the  efforts  of  the  1970s,  those  of 
Strahle  (1971,  1978,  1985)  and  of  Chiu  and  Sum- 
merfield  (1973).  The  first  follows  Lighthill’s  acous¬ 
tic  analogy  and  the  second  is  based  on  Phillips’ 
form  of  the  analogy  using  the  convective  wave  equa¬ 
tion.  In  each  case,  the  transition  to  a  treatment 
of  combustion  noise  is  effected  by  adding  to  the 
equations  terms  representing  heat  addition,  inter¬ 
nal  heat  transfer,  and  chemical  reactions.  Roughly 
that  means  in  the  present  context  that  the  starting 
point  is  equation  (2.18)  with  no  mass  and  momen¬ 
tum  sources  ^  and  W  being  dropped,  giving  first 
the  equation  Strahle  chose  as  his  starting  point 


- 

=  a;  V  •  V  •  (puu"  —  5) 

+  ^  ■  (P“)  -  (u  •  Vp-  a*u  -  Vp)] 


+  ,-+(?) 


We  shall  only  quote  the  result  written  in  a  form 
consistent  with  the  notation  used  here: 

^(Inp)-V.(a’VInp) 

=  7(Vu):(ViD-K7-l)^^^)  (2.40) 

where  now 

C  =  (?  +  *-V?  (2.41) 

For  simplicity  we  shall  not  display  the  detailed  form 
of  Q  which  in  the  work  cited  includes  diffusion.  The 
point  is  that  the  convective  derivative  is  used,  and 
the  dependent'  variable  is  In  p.  Those  are  the  main 
differences  between  the  two  formulations. 

Once  the  general  problem  has  been  cast  in 
the  framework  of  the  acoustics  analogy,  two 
tasks  remain:  modeling  the  sources  and  finding 
approximate  solutions  for  the  particular  problems 
at  hand.  Finding  accurate  representations  for 
the  sources  is  much  the  more  difficult  matter. 
Computations  from  first  principles  are  out  of  the 
question  and  the  limited  experimental  results  for 
details  of  the  flow  in  combustion  rones  implies  that 
one  must  resort  to  assumptions  and  approximations 
that  cannot  always  be  finally  justified. 

It  appears  that  all  who  have  studied  combustion 
noise  agree  that  the  dominant  sources  are  associated 
with  time-dependent  heat  release.  Large  changes 
in  the  rate  of  energy  supplied  by  combustion 
changes  cause  8uL>8tantial  fluctuations  of  the  gas 
density  in  both  time  and  space.  A  combustion 
zone  therefore  presents  a  distribution  of  monopole 
sources,  markedly  more  effective  radiators  than  the 
quadrupoles  V  •  V  •  (puu)  dominant  in  non-reacting 
turbulent  flows.  Hence  Chiu  and  Summerfield  retain 
only  the  term  Q  =  Q,  equation  (2.41),  on  the  right- 
hand  side  of  (2.40);  similarly,  Strahle  considers  only 
the  term  dQ/dt  on  the  right-hand  side  of  (2.39). 

In  both  approaches,  the  equations  are  linearized  and 
the  results  obtained  differ,  apart  from  some  details 
of  the  modeling,  only  because  of  the  presence  of 
the  convective  derivatives  in  (2.40).  Strahle  (1978) 
has  given  formulas  for  the  pressure  fluctuations  in 
’.he  sound  field  far  from  a  compact  open  flame. 
'Compact’  means  that  the  flame  is  small  compared 
with  the  dominant  wavelengths  of  sound.  His 
results,  equations  (32)  and  (33)  of  that  paper,  are 


Chiu  and  Summerfield  (1973)  and  Chiu,  Plett, 
and  Summerfield  (1975)  based  their  analysis  on  an 
equation  in  which,  following  Phillips  (1960),  time 
derivatives  are  replaced  by  convective  derivatives. 
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The  sources  in  the  integrand  are  evaluated  at  the 
retard  time  (  —  |r|/d  where  r  is  the  position  of  the 
observation.  Strahle  (1985)  has  since  argued  that 
better  agreement  with  observation  is  obtained  with 
his  formula  (2.41)  not  containing  the  influences  of 
convection.  The  problem  of  accounting  correctly 
for  the  influences  of  the  mean  flow,  specifically  as 
it  introduce'^  convective  and  refractive  effects  is  a 
deep  theoretical  matter  intimately  connected  with 
the  formulation  of  the  acoustic  analogy.  It  seems  not 
to  have  been  satisfactorily  solved  for  non-reacting 
flows  and  has  received  little  attention  in  the  context 
of  combustion  noise.  We  shall  not  pursue  the  issue 
here. 

Much  of  the  previous  work  in  combustion  noise 
has  been  devoted  to  problems  associated  with  open 
flames  on  hjt  iets.  The  situation  is  therefore  quite 
similar  to  that,  for  jet  poise;  the  radiating  sources 
are  unconfined.  In  this  paper  we  are  concerned  only 
with  problems  of  noise  in  combustion  chambers. 
Thus  the  active  regions  of  the  flow  are  located 
within  confining  walls.  Consequently,  the  noise  field 
we  wish  to  analyze  is  also  contained  by  essentially 
rigid  boundaries.  Fluctuations  at  the  exit  plane 
constitute  sources  for  noise  radiated  through  the 
exhaust  nozzle  and  ultimately  to  the  outside  world. 
We  shall  not  treat  the  problem  of  emission. 


Figure  2  is  a  schematic  illustration  of  the  matter. 
The  fundamental  difference  between  the  problems 
of  confined  sources  on  the  one  hand  and  sources 
freely  radiating  to  an  ambient  atmosphere  on  the 
other  has  substantial  influence  on  the  development 
of  the  theory.  We  shall  be  able  to  express  the  noise 
field,  as  well  as  the  acoustic  field  associated  with 
combustion  instabilities,  as  expansions  in  natural 
modes  of  the  chamber.  That  is  why  the  two  classes 
of  phenomena  can  be  treated  to  good  approximation 
within  the  same  general  framework. 

Chiu,  Plett,  and  Summerfield  (1975)  carried  out  the 


first  analysis  of  combustion  noise  in  ducts,  including 
the  presence  of  resonances.  Their  intent  was  to 
explain  the  spectra  of  noise  emitted  when  a  flame,  or 
more  extended  combustion  processes,  are  enclosed 
by  confining  walls,  chiefly  for  application  to  gas 
turbines.  The  linearized  form  of  (2.39),  with  only 
fluctuations  of  energy  release  included  as  sources, 
becomes 


DV 

Dt^ 


-<i’TV  =  (7-l) 


DQ' 

Dt 


(2.44) 


Calculations  were  carried  out  by  expanding  the 
pressure  in  eigenfunctions  of  uniform  duct  with 
uniform  mean  flow.  The  spectral  distribution 
of  the  heat  release  was  specified,  either  uniform 
or  as  one  half  of  a  sinusoid  in  the  frequency 
range  0  -  1,000  Hz.  Then  the  spatial  and  time 
dependence  of  O'  were  found  as  an  inversion 
transform  in  frequency  and  expansion  of  the  spatial 
dependence  in  eigenfunctions  of  the  duct.  Equation 
(2.44)  was  solved  by  taking  the  transform  in  time, 
with  expansion  in  eigenfunctions  for  the  spatial 
dependence  of  the  pressure.  Results  were  then  found 
for  the  spectral  distribution  of  the  pressure. 


Figures  3  and  4  show  an  example  of  results 
obtained  for  the  velocity  fluctuation  at  the  exit 
of  the  duct  and  its  frequency  spectrum  for  a  case 
length/diameter  s  8.5.  As  one  should  expect, 
resonance  peaks  are  evident  in  both  figures. 


Flqure  3. 


This  method  is  a  straightforward  approach  to 
the  problem,  amounting  to  computation  of  the 
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response  of  a  linear  system,  the  acoustic  field  in 
the  duct,  to  a  forcing  function,  the  unsteady  heat 
release,  consisting  of  a  continuous  distribution  of 
sinusoids  having  spatial  dependencies  set  by  the 
eigenfunctions  of  the  duct.  It  suffers  from  at 
least  three  serious  flaws;  the  noise  sources  are 
independent  of  the  acoustic  field,  the  stochastic 
nature  of  the  noise  field  Is  totally  absent,  and  no 
nonlinear  processes  are  accounted  for.  Part  of  the 
purpose  of  the  work  discussed  here  is  to  indicate 
how  these  omissions  may  be  corrected. 


F«MKr  (Nt) 


Rgurs  4. 


During  the  1980s,  interest  in  combustion  noise 
again  grew  in  connection  with  work  related  to 
oscillators  in  solid  propellant  rockets  and  ramjet 
engines.  Hegde  and  Strahle  (1985)  reported  their 
results  for  the  generation  of  acoustic  modes  by 
turbulence  in  cavities,  but  no  combustion.  Their 
analysis  is  somewhat  closer  to  actual  physical 
problems  for  two  reasons;  they  recognize  explicitly 
the  different  character  of  irrotational  (acoustic) 
and  rotational  (vortical)  fluctuations;  and  they 
account  for  the  spectral  content  of  the  vortical 
or  turbulent  fluctuations.  The  analysis  naturally 
contains  many  approximations;  because  it  is  based 
on  a  different  method  of  handling  the  equations 
of  motion,  involving  definition  of  the  ‘Bernoulli 
enthalpy’  (Yates  and  Sandri  1976),  we  shall  not 
discuss  the  calculations.  They  solve  a  linear 
problem  of  nonreacting  flow  through  a  porous 
lateral  boundary  and  exhausting  through  a  choked 
exhaust  nozzle.  Their  results  show  the  presence  of 
resonances  in  satisfactory  agreement  with  observed 
behavior.  The  levels  of  oscillations  do  not  agree 
well  and  there  is  very  poor  agreement  between  the 


measured  and  computed  spectra  for  the  broadband 
noise. 

Closer  to  the  actual  problem  of  combustion  noise 
is  the  analysis  reported  by  Hegde,  Reuter,  and 
Zinn  (1988).  For  the  special  problem  of  a  compact 
flame  stabilized  on  a  rod  in  a  duct,  they  solve 
the  linear  problem  for  the  pressure  fluctuations, 
essentially  using  the  linearized  form  of  equation 
(2.39)  with  only  the  term  (y  —  l}dQ/dt  on  the 
right-hand  side.  The  principal  difference  is  that 
they  correctly  account  for  the  different  speeds  of 
sound  up-  and  downstream  of  the  flame.  Their 
most  important  contribution  is  their  treatment  of 
the  statistical  properties  of  the  background  noise, 
based  on  the  observed  spectrum  of  the  radiation 
field  in  turn  related  to  the  energy  release  according 
to  a  known  method.  Their  results  show  quite  good 
agreement  between  predictions  and  measureinents 
of  the  pressure  spectrum.  That  work  seems  to  be 
the  best  confirmation  of  the  internal  consistency  of 
the  formulation  described  earlier  and  expressed  by 
equation  (2.39),  although  only  linear  behavior  was 
treated. 

Poinsot  ei  al.  1986  have  reported  experimental  work 
with  a  dump  combustor  operated  over  a  sufficiently 
broad  range  of  conditions  that  measurements  could 
be  taken  of  the  noise  field  with  and  without 
substantial  acoustic  oscillations.  As  seems  often 
to  be  the  case  for  such  configurations,  the  noise 
level  is  higher  over  the  entire  frequency  range  when 
an  acoustic  oscillation  is  present.  A  particularly 
interesting  aspect  of  that  work  was  the  use  of  optical 
measurements  taken  simultaneously  to  form  spatial 
maps  of  coherence  functions  strongly  suggestive  of 
the  regions  in  which  the  sources  of  noise  are  located. 
Information  of  this  sort  is  clearly  useful  in  modeling 
sources  required  for  analysis  of  the  phenomena. 

These  brief  remarks  are  intended  only  to  provide 
relevant  background  for  the  sorts  of  problems 
considered  in  the  remainder  of  the  paper.  There 
is  much  data  in  the  works  cited,  and  others,  that 
we  shall  not  review  here.  Moreover,  we  shall  not  be 
concerned  with  the  important  problem  of  core  noise, 
under  some  conditions  a  strong  source  of  emissions 
from  gas  turbines;  see  the  work  Oy  Cumpsty 
and  Marble  (1977)  for  the  most  comprehensive 
treatment  of  the  subject. 

3.  Splitting  the  Unsteady  Field  Into  Acoustic 
and  Non-Acoustic  Fluctuations 

The  basis  for  the  analysis  developed  here  is  com¬ 
bination  of  the  ideas  discussed  by  Chu  and  Ko- 
vasznay  (19.58)  with  the  approximate  analysis  de¬ 
veloped  previously  for  studying  combustion  insta¬ 
bilities.  As  we  already  noted  in  Section  2,  equa- 
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tion  (2.29),  we  assume  that  any  unsteady  field  in 
a  combustion  chamber  can  be  synthesized  of  nor¬ 
mal  modes  of  the  chamber,  with  time-varying  am¬ 
plitudes,  After  spatial  averaging,  the  prob¬ 

lem  comes  down  to  solving  the  system  of  nonlinear 
equations  (2.30)  for  the  ri„{l).  The  right-hand  sides 
will  contain  nonlinear  terms  of  t'lree  sorts  represent¬ 
ing  interactions  among  the  acoustic  modes  them¬ 
selves,  among  the  non-acoustic  motions,  and  cou¬ 
pling  between  the  acoustic  and  non-acoustic  fluc¬ 
tuations.  Apart  from  use  of  spatial  averaging,  the 
analysis  here  differs  from  that  ol  Chu  and  Kovasz- 
nay  (1958)  in  the  explicit  consideration  of  nonlinear 
processes.  Their  treatment  rested  on  a  linea,;''ation 
of  the  equations  of  motion  by  successive  or  iterative 
approximation.  Also,  because  eventually  we  divide 
the  analysis  into  the  two  separate  problems  of  find¬ 
ing  the  acoustic  and  non-acoustic  amplitudes,  we 
have  the  possibility  of  investigating  stochastic  pro¬ 
cesses.  Therefore,  unlike  the  case  for  combustion  in- 
.stabilities,  in  which  only  a  few  modes  are  normally 
present,  here  we  must  expect  that  a  broad  spectrum 
of  modes  must  be  present. 


First  we  need  to  write  the  formula  (2.32)  for  the  F„ 
explicitly  showing  dependence  on  the  fluctuations. 
We  assume  that  the  average  thermodynamic 
properties  (p,  p,  f)  are  constant  in  time  and 
uniform  in  space.  The  surface  integrals  arising  from 
the  first,  second,  and  last  terms  of  /,  equation 
(2.27),  can  be  combined  with  corresponding  volume 
integrals  of  h  to  give 


_ 

.  2  "n  — 

p  j  (u  - Vu'-hu'  .  Vu)  •  VV’ndV' 

(«  •  Vp' -h  7p'V  •  u)  Ifindl/ 

+  “  y  (tT  •  Vp' d- 7P'V  ■  if)  V-ndK 

II  ^ 

+  (3.1) 

Now  use  a  vector  identity  to  rewrite  the  integrand 
in  the  first  integral 

u  -I-  Cr  •  Vu 

/  =V(uir)  —  u'xVxu  —  uxVxu* 


A  secpild^identity  gives 

V  (3  •  tT)  .Vi/.„  =  V  •  (S  •  u'Vd'n)  -(S  S')  VVn 
"^.3^  (S  ■  S'Vtfin)  +  klS  ■  ir0„ 


Then  because  we  assume  h  •  =  0,  we  find 

J{uVS'  +  ffVu)V<l>„dV  = 

klJ{Sff)i>ndV 

-J{i  VxS'+S'xVxu)-  Vd'ndV 

and  (3.1)  becomes 
—  —  E^F  — 

p  J  {u  ff)i^„dV 

-pj(:xVxS’-i-irxVxu)- V^„dV 

+“/ (ff  •  Vp' -I- 7P'V  •  u)  V-nrfK 

+^1^/(5'  Vp'  +  ^p'V.  o') 

II^ni>„dS 

j  i^f'.Vd>„-^rj,^dV  (3.2) 


■kp 

+ 


This  formula  for  Fn  shows  explicitly  only  those 
processes  asmciated  purely  with  gasdynamics.  In 
principle,  with  f*  and  V,  we  can  accommodate  any 
physical  process.  Because  the  presence  of  the  mean 
flow  field  is  included  to  first  order  —  a  fundamental 
matter  for  problems  of  linear  stability  —  the  effects 
of  convection  and  refraction  are  in  some  sense 
included  here.  However,  because  emphasis  has 
been  placed  on  standing  or  traveling  acoustic  waves, 
these  effects  have  not  been  a  matter  of  concern  for 
studies  of  combustion  instabilities,  in  contrast  to  the 
case  of  aerodynamic  noise  generation.  That  is,  the 
effects  of  non-uniform  flow  to  first  order  have  been 
accounted  for  in  analysis  of  combustion  instabilities, 
but  without  attending  to  the  detailed  examination 
required  to  distinguish  the  particular  consequences 
of  convection  and  refraction.  Some  work  in  this 
direction  has  recently  been  done  numerically  (e.g. 
Baum  1988). 

Although  we  shall  not  discuss  extensively  the 
functions  F'  and  V ,  they  contain  significant 
contributions.  As  we  have  discussed  in  the 
preceding  section,  the  term  dQ'Idt  in  dV jdt  has 
been  established  as  the  dominant  source  for  noise 
production  in  flames.  Unsteady  heat  release  is 
unquestionably  the  main  reason  for  both  aco'isti; 
instabilities  and  noise  in  combustion  chambers. 
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However,  because  they  contain  important  sources  of 
attenuation  and  noise  production  due  to  fluctuating 
flow  variables,  the  remaining  terms  in  (3.2)  must 
be  retained.  The  fluctuations  f  and  V  are 
essential  for  analysis  of  control,  for  they  contain  the 
only  means  of  actuation,  through  sources  of  mass, 
momentum,  and  energy. 

The  next  step  requires  expressing  the  fluctuations 
pf,  u',  and  p'  in  terms  of  the  time-dependent 
amplitudes  We  assume  the  splitting 

suggested  by  equation  (2.28)  and  write  the  pressure 
as  the  expansion  (2.29): 

00 

p'  =  p*  +  p  =  p^I 
00 

=  +  (3.3) 

j=i 


where  the  r)j  are  the  amplitudes  of  acoustic 
oscillations  (combustion  instabilities).  The  rjj 
are  the  amplitudes  of  the  pressure  fluctuations 
associated  with  the  rest  of  the  motions  synthesized 
as  a  superposition  of  normal  acoustic  modes.  To 
compute  the  amplitudes  as  solutions  to  the  system 
(2.31)  we  need  to  devise  an  approximation  to  F„, 
i.e.  we  must  deal  with  p',  p',  and  S'  in  the 
integrals.  Following  the  tactic  successfully  used  for 
studying  combustion  instabilities,  we  assume  that 
the  acoustic  part  of  the  motions  satisfles  I  he  classical 
acoustic  equations. 


OS’ 

dt 


dt  ~ 


-7pV  •  u* 


(3.4)o,i 


Because  there  is  no  entropy  change  associated  with 
acoustic  waves,  p  +  p"  ~  (p  -I-  p" )''  and  we  set 
p"  =  p“/a’.  Hence  the  expansions  of  u“  and  p“ 
are 


The  formulas  (2.29)  and  (3.5)a  satisfy  equations 
(3.4)a.  b  exactly  because  the  eigenfunctions  xbj 
satisfy  (2.30)a  and  in  zeroth  order  iij  +  wjrjj  =  0 
with  Uj  =  akj. 


Thus  we  approximate  the  acoustical  variables  in 
F„  by  their  values  existing  in  zeroth  order  witn  no 
mean  flow  or  sources.  For  the  remaining  parts,  p, 
p,  and  n,  we  appeal  to  results  established  by  Chu 
and  Kovasznay  (1958)  who  showed  that  the  vortical 
and  entropic  modes  of  propagation  carry  velocity 


changes,  but  no  pressure  changes.  We  shall  assume 
also  that  the  density  is  constant;  hence  we  assume 
in  zeroth  approximation 

p  =  p  =  0  ;  u#0  (3.6) 

It  is  not  necessary  at  this  stage  to  take  p  =  0;  we  do 
so  to  eliminate  a  few  terms.  However,  if  p  is  taken 
to  be  non-zero,  the  problem  arises  later  of  relating 
p  to  other  thermodynamic  properties.  With  these 
approximations,  to  second  order  in  the  fluctuations 
(3.2)  becomes 


F„  =  F*  +  F„  + 


(3.7) 


where 


-pJ{S*xVx 

+  /(““‘•Vp»+7P“Vu*)V-„dV'] 

-ilf 


hdS 


dt 

■  Vi' 


dV 

dt 


”) 


in]dV 


(3.8) 


Fl  = 


~  p£lj{ 


Vp“  -I-  TP"V 


dP‘ 


u)i’„dV 


■Vi’„-"-jpi>n]dV  (3.9) 


Fn  = 


—  p  J{SxVxu  +  uxVxu)-  Vi>„dV 
-  ^  J{u  Vu'rVindV 


(3.10) 
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With  the  preceding  definitions,  the  system  (2.31) 
becomes 

^  -f.  ulr,,  =  +  F‘  +  Fn  (3.11) 

The  forcing  functions  F^  and  F„  contain  the 
stochastic  properties  of  the  random  held. 

Previous  work  (Cuiick  1975,  1090)  has  shown  that 
if  only  the  gasdynamic  nonlinear  processes  are 
accounted  for  to  second  order.  F‘  has  the  general 
form 

I3l 
OO  00 

+  E  E  +  SnO'if'i'I  (3  12) 

i=l  ;3l 

where  the  coefficients  D„i,  ...  are  constants, 
depending  on  the  linear  processes  (including  those 
arising  from  and  P*)  and  on  the  geometry  of  the 
chamber.  If  other  nonlinear  processes  are  accounted 
for,  accommodated  by  the  source  functions  F'‘‘  and 
V*  (e.g.  nonlinear  interactions  between  combustion 
and  the  acoustic  held),  additional  terms  will  appear, 
not  necessarily  having  the  form  shown  in  (3.12). 

According  to  its  dehnition  (3.9),  the  force  F'' 
contains  terms  linear  in  the  acoustic  amplitudes  and 
in  the  random  variables  u  and  du/dt  plus  terms 
arising  from  Jf*  and  V*.  If  we  ignore  the  possibility 
of  higher  order  nonlinearities  in  those  source  terms, 
we  may  assume  that  has  the  general  form 

=  +  (3.13) 

isl 

where  the  {,■,  {,*'  represent  (stochastic)  parametric 
excitation  of  the  acoustic  modes. 

Finally,  Fn  depends  only  on  the  stochastic  Huctua- 
tions,  spatially  averaged  over  the  node  shapes.  To 
make  the  notation  more  consistent,  we  replace  Fn 
by  the  symbol  H„: 

F„  =  (3.14) 

With  these  dehnitions,  we  write  system  (3.11) 
showing  explicitly  the  dependence  on  stochastic 
processes; 

•2  OO 

-^  +  =  /•*  +  ^  [4,^?  +  (3. 15) 

1=1 

Note  that  the  (i  and  the  depend  linearly  on  the 
ifi  and  rji  while  Hn  is  quadratic  in  those  variables. 

An  important  fundamental  aspect  of  the  systems 
treated  here  is  the  general  problem  of  distinguishing 


deterministic  and  stochastic  behavior.  The  natural 
splitting  of  the  fasces  Fn  into  the  components  F", 
F*,  and  Fn  defined  by  (3.8)  -  (3.10)  is  only  an 
initial  step.  For  auteady  motions  in  combustion 
chambers,  we  mast  pay  particular  attention  to 
the  source  functions  P^,  P^,  and  P,  for  they 
contain  representations  of  energy  addition.  The 
acoustic  held  is  pmely  deterministic,  so  P‘  contains 
only  deterministic  energy  sources.  At  the  other 
extreme,  P  incfaides  sources  of  energy  addition 
that  are  purely  stochastic,  i.e.,  depend  only  on 
the  turbulent  lootions  and  are  insensitive  to  the 
deterministic  acoustic  field.  Interactions  between 
the  deterministic  and  stochastic  fields  belong  to  P‘. 
For  example,  bohulent  fluctuations  in  a  reacting 
shear  layer  may  be  sensitive  to  the  local  acoustic 
field,  thereby  affecting  the  energy  release.  A  difficult 
part  of  the  subject «  construction  of  realistic  models 
of  these  processes. 

We  have  reduced  the  problem  to  finding  the 
response  of  a  system  of  nonlinear  oscillators  whose 
amplitudes  =  <lC  +  >in  must  be  determined  when 
the  system  is  subject  to  stochastic  forces.  The 
developments  leading  to  the  definitions  of  (i, 
and  Hn  have  produced  formulas  (not  given  here) 
showing  their  eiqilicit  dependence  on  the  random 
fluctuations  of  the  velocity  field.  Before  solutions 
can  be  found  fix  the  time-dependent  amplitudes, 
those  functions  should  evidently  be  expressed  in 
terms  of  the  %  and  fjt,  analogous  to  the  way  in 
which  the  acoustic  contributions  in  Fn  were  treated 
by  using  the  approximations  (3.4)  a,  i. 

That  is  a  large  and  difficult  problem.  There 
are  at  least  four  approaches  to  its  solution: 
(1)  construct  an  approximate  representation  of 
the  flow  variables  u,  p,  p  and  the  combustion 
processes,  based  on  observations  and  guided  by 
theoretical  considerations,  in  the  same  spirit  as 
we  have  treated  the  acoustic  field;  (2)  extract 
a  representation  bom  numerical  simulations  using 
methods  of  computational  fluid  dynamics;  (3) 
extract  a  representation  by  analysis  of  experimental 
data;  and  (4),  the  crudest  approach,  assume  forms 
for  the  various  contributions  to  F*  and  Fn  and 
determine  the  consequences  by  solving  vhe  system 
(3.11).  None  of  the  first  three  approaches  have  been 
investigated  extensively  for  the  class  of  problems 
considered  here.  The  works  by  Chiu,  Plett,  and 
Summerfield  (1975)  and  by  Hegde,  Reuter,  and 
Zinn  (1988)  fall  in  the  first  category,  but  treat  only 
linear  behavior.  A  few  elementary  results  have  been 
reported  by  Menon  and  Jou  (1990)  following  the 
second  approach. 

Methods  of  analysing  experimental  data  or  the 
results  of  numerical  simulations  have  become  active 
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•ubjecU  of  research  in  the  past  few  years.  There 
is  a  growing  body  of  literature  dealing  mainly  with 
non-reacting  flows.  For  example,  the  me'liod  called 
'proper  orthogonal  decomposition,’  originated  in 
probability  theory,  has  been  applied  to  turbulent 
flows  (Lumley  1967,  Aubrey  el  al.  1988)  and 
other  problems  of  fluid  mechanics  (Sirovich  1987). 
That  and  related  methbds  applied  to  a  wide 
range  of  problems  were  central  issues  in  a  recent 
lUTAM/NATO  Workshop  (1991).  Although  those 
ideas  are  clearly  applicable  to  the  unsteady  motions 
in  combustion  chambers,  no  results  have  been 
reported. 

In  order  to  gain  some  idea  of  the  possible  influences 
of  stochastic  sources  on  the  behavior  of  acoustic 
modes,  we  have  followed  the  last  of  the  approaches 
listed  above.  We  simply  assume  forms  for  the 
random  functions  of  time,  (i,  {,*.  and  H„,  and  treat 
the  system  of  stochastic  differential  equations 

-Jr + (3-^6) 

tsl 

This  v/as  the  approach  taken  by  Paparizos  and 
Culick  (1989)a  for  the  simplest  case  of  two 
longitudinal  modes.  We  discuss  that  method  in 
Section  4.  Note  that  rjf,  rif  have  been  replaced  by 
Tfi  =  rii+fii  and  on  the  right-hand  side, 

implying  the  assumption  that  the  random  part  of 
the  amplitudes  is  relatively  small. 

In  fact  it  appears  that  we  may  quite  realistically 
assume  that  the  and  Zi  do  not  depend  on 

the  amplitudes  rjn  of  the  pressure  fluctuations.  This 
assumption  has  been  made  in  all  treatments  of  the 
aerodynamic  noise  problem.  In  other  words,  we 
as.sume  that  the  random  sources  of  noise  do  not 
themselves  depend  on  the  noise  they  generate.  That 
does  not  exclude  dependence  of  the  noise  field  on  the 
presence  of  coherent  acoustic  oscillations,  nor  does 
it  imply  that  control  of  the  noise  field  is  impossible. 
The  reason  is  that  the  acoustic  and  random  pressure 
fluctuations  are  coupled  by  nonlinear  processes, 
producing  energy  transfer  between  the  two  forms 
of  motion.  Practical  matters  o' achieving  successful 
control  will  rest  partly  on  the  strength  of  the  energy 
exchange  and  on  the  possibility  of  discovering  an 
effective  means  of  control  or  ‘actuation.’  However, 
it  may  also  be  the  case  that  if  the  random  sources  of 
noise  are  affected  by  the  pressure  fluctuations,  then 
more  effective  means  of  control  might  be  found. 

Part  of  our  justification  for  taking  the  stochastic 
sources  independent  of  the  pressure  field  rests  on  the 
results  discussed  by  Chu  and  Kovasznay  (1958)  who 
established  the  independence  of  the  three  modes 
of  propagation  (acoustic,  vortical,  and  entropic). 
Thi-  argument,  however,  is  weak,  ignoring  some 


basic  properties  of  processes  present  in  combustion 
systems.  For  e.':ample,  heat  released  in  flames  is 
indeed  sensitive  to  pressure.  Our  assumption  here  is 
really  made  in  the  interests  of  obtaining  some  initial 
results. 

4.  Combustion  Instabilities  with  Stochastic 
Sources 

The  formulation  developed  in  the  preceding  section 
accommodates  a  wide  range  of  problems.  Here  we 
shall  describe  a  few  results  for  what  is  possibly 
the  simplest  case:  the  influence  of  stochastic 
sources  on  a  combustion  instability.  Observations 
of  instaliilities  in  both  haboratory  and  full-scale 
combustors  normally  show  the  presence  of  a  small 
number  of  acoustic  modes;  the  data  cannot  reveal 
how  many  modes  must  be  accounted  for  in  an 
analysis  to  explain  satisfactorily  the  nonlinear 
behavior.  In  the  theory  used  here,  a  minimum  of 
two  modes  are  required  to  produce  a  limit  cycle. 
Energy  is  supplied  to  the  acoustical  system  because 
one  mode  is  unstable;  the  motions  may  then  reach  a 
steady  state  only  if  a  stable  second  mode  is  available 
to  dissipate  energy,  thereby  providing  the  possibility 
for  constant  total  energy  in  the  acoustical  motions. 
Nonlinear  gasdynamical  processes  cause  the  flow  of 
energy  from  the  unstable  mode  to  the  stable  mode. 

Pressure  records  of  instabilities  rarely  show  purely 
harmonic  motions.  The  amplitudes  for  unfiltered 
data  usually  fl\ictuate  about  some  apparent  average 
value.  Those  fluctuations  are  erased  if  the  data  are 
filtered.  Oiherwise,  they  will  cause  broadening  of 
peaks  in  the  spectra  and  as  part  of  the  broadband 
spectral  background.  The  analysis  described  in  this 
section  is  an  initial  effort  to  explain  this  behavior. 
Only  limited  results  have  been  obtained. 

4.1  The  Two-Mode  Approximation 

For  the  acoustic  system  described  by  (3.16)  with 
the  stochastic  sources  equal  to  zero,  and  only 
gasdynamical  nonlinear  processes  accounted  for, 
exact  solutions  can  be  found  for  the  time-averaged 
equations  for  two  (and  in  some  cases  three)  modes. 
.Most  of  the  known  results  have  been  reviewed 
by  Culick  (1990).  In  particular,  the  conditions 
for  existence  and  stability  of  limit  cycles  can 
be  written  explicitly.  .Although  the  restriction 
to  two  modes  carries  limitations,  serious  under 
some  conditions  (Jahnke  and  Culick  1991),  this 
representation  is  surprisingly  accurate  under  wide 
realistic  circumstances.  To  maintain  simplicity, 
we  therefore  consider  here  only  the  two-mode 
approximation. 

Moreover,  we  treat  the  case  of  longitudinal  modes 
for  which  the  frequencies  are  integral  multiples  of 
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the  fundamental,  Wn  =  nwi.  With  all  linear 
processes  and  only  the  gasdynamic  nonlinearities 
included,  the  first  two  of  equations  (3.16)  are 

=  2(oi^i  +5iWiJji) 

+  fils'll 'Is)  +  +  ii')\  +  -i) 

xjl  -h  =  2(05%  -f- 

~(^Sl^?  -f  Ass'll)  +  (^srij  +  ^7')?  -t-  -3) 

(4.1)a,6 

where  uj  =  2ui  and 


where 

8t  (4.6)a,6 

tf*  a  ^3  —  2di 

Equations  (4.5)  are  unchanged  if  is  replaced  by 
jlslffs  —  2B\\l{9i  —  20\),  showing  that  no  generality 
is  lost  by  taking  6'  positive.  Note  that  the  original 
set  of  four  equations  (not  given  here)  are  reduced 
to  three,  essentially  because  there  is  an  arbitrary 
phase  available,  the  reason  that  the  two  phase 
angles  appear  only  in  the  combination  ^2  —  2<()\  in 
(4.4)a,i,c. 


F„  = 


^21  =  - 


3-27 

27 

74-3 

27 


r,  5(7-1)  3 
^12  =  - 27 - 


(4.2) 


There  are  six  stochastic  functions  in  equation  (4.1), 
in  general  mutually  independent,  to  be  specified. 
The  functions  bring  with  them  a  large  number  of 
parameters,  too  many  at  this  stage  for  a  sensible 
treatment  of  the  problem.  We  shall  therefore 
analyze  a  much  simpler  problem,  motivated  by 
the  following  reasoning  based  on  previous  results 
(Paparizos  and  Culick  19896)  obtained  for  the 
deterministic  problem  with  no  stochastic  sources. 

Combustion  instabilities  in  practice  commonly  ap¬ 
pear  as  oscillations  having  slowly  varying  maximum 
amplitudes  and  phases;  the  amplitudes  tj,-  may  then 
be  assumed  to  have  the  form 


Fixed  points  of  the  system  (4.5),  defined  by  yt  =  0, 
are  the  state  of  rest  (p,-  =  0)  or  limit  cycles.  It 
can  be  shown  (Paparizos  and  Culick  19896)  that  a 
unique  limit  cycle,  whose  properties  are  independent 
of  initial  conditions,  exists  if  0103  <  0.  As 
remarked  above,  if  one  node  (say  the  fundamental) 
is  unstable,  ai  >  0,  the  other  must  be  stable, 
03  <  0.  In  this  case,  the  limit  cycle  itself  is  stable 
if  2ai  -t-  03  <  0.  Hence  for  existence  and  stability 
of  the  limit  cycle,  the  conditions  must  be  satisfied 
when  O)  >  0  are 


03  <  0 
2ai  -t-  03  <  0 


(4.7)a,6 


The  remainder  of  this  section  is  concerned  with  the 
influences  of  stochastic  sources  on  the  characteris¬ 
tics  of  this  limit  cycle. 


4J2  StoehMiic  Avaraging 


=  r,(t)  co8(w<<  -  dj(t)) 

=  A,(t)coswit -f- dn(t)sinwif  (4.3) 

where  6r,/ri  and  6di/2)r,  the  changes  over  one  cycle, 
are  assumed  small.  The  method  of  time-averaging 
is  effective  under  these  conditions,  reducing  the  two 
second  order  equations  for  171  and  r;3  to  four  first 
order  equations  for  the  (ri, r3,  ^1, <63). 

For  technical  reasons  not  covered  here,  the  following 
transformation  is  an  effective  choice  to  simplify  the 
structure  of  the  first  order  equations: 

y,  =  r, 

j/3  =  r2sin(<63  -  2di)  (4.4)a,6,c 

j/3  =  r3Cos(d2  -  2<6i) 

The  deterministic  equations  for  the  y,-  are: 

^  =  (o,  -f-  /)yi)yi 

^  =  a^yj  +  e'ys  +  20y^  -  i^y^  (4.5)a,6,c 

A 1/3 

-—  =  -fi’yj  +  o^yj  —  23yjy3 


Stratonovicb  (1963,  Vol.  II,  Chapter  4)  introduced 
the  method  of  stochastic  averaging,  an  extension 
of  the  method  of  averaging  outlined  above  for  a 
deterministic  system.  See  also  Roberts  and  Spanos 
(1986)  and  Gardiner  (1985)  for  reviews  of  the 
method.  Here  we  simply  quote  the  results  of 
applying  the  method. 

With  stochastic  sources  in  the  second  order 
equations  (4.1)a,6,  the  averaging  proceeds  in  two 
steps.  First  the  equations  are  averaged  over  the 
period  of  the  acoustic  oscillations  (rn  for  the  n‘* 
mode)  to  give,  eventually,  equations  (4.5)a,6,c  in 
the  variables  y,-;  that  is,  the  oscillatory  motions 
have  been  removed  from  the  problem  which  has 
been  reduced  to  one  of  finding  the  slowly  varying 
amplitudes  and  phases  (equivalent  to  the  yi(<)). 

The  second  step  is  the  ‘stochastic  averaging,’ 
required  to  give  the  fluctuating  (stochastic)  sources 
in  correct  form  for  the  averaged  (i.e.  first  order) 
equations.  We  assume  that  the  stochastic  sources 
?j‘(f)>  — 1(0  have  zero  mean  (eventually 

we  assume  that  they  have  the  form  of  white  noise). 
However,  the  terms  and  ^“17,,  representing 
parametric  excitations,  have  non-zero  mean  values. 
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It  it  convenient  to  remove  the  mean  values  from 
the  stochastic  sources  and  place  them  with  the 
deterministic  part,  accounting  for  the  terms 
appearing  below.  By  definition,  m,-  is  the  average 
over  one  period  of  the  oscillation  of  the  expected 
value  of  the  term  in  question. 

It  is  also  assumed  that  the  auto-correlation  times 
of  the  random  processes  are  much  smaller  than  the 
bandwidths  (not  the  periods)  of  the  oscillations. 
That  means  that  the  oscillations  have  non-zero 
decay  (or  growth)  coefficients  such  that 

^COfT  <  Ittil  (4.8) 

a  coni'ition  satisfied  by  the  broad-band  processes 
and  acoustical  motions  expected  in  practice.  In  the 
limit  considered  here,  we  approximate  the  random 
processes  by  equivalent  white  noise. 

Finally,  in  order  to  reduce  the  difficulty  and 
complexity  of  finding  solutions  to  equations  (4.1)a,  & 
we  make  two  assumptions  based  partly  on  physical 
grounds: 

(i)  We  replace  rjf  and  r/f  in  the  terms  repri-senting 

parametric  excitation  by  r;,-  and  This 

implies  that  the  stochastic  perturbations  of  the 
acoustic  modes  should  be  small:  < 

1.  That  happens  to  be  true  in  the  examples 
treated  here,  but  not  in  general. 

(ii)  We  ignore  all  stochastic  sources  in  the  equation 
(4.1)6  for  the  amplitude  of  the  second  mode. 
This  assumption  produces  considerable  simpli¬ 
fication,  but  is  also  motivated  by  the  expecta¬ 
tion  that  if  the  fundamental  mode  has  a  growth 
rate  much  larger  than  the  decay  rate  of  the  sec¬ 
ond  mode,  then  the  first-order  effects  of  sto¬ 
chastic  sources  will  be  primarily  on  the  funda¬ 
mental  mode.  Owing  to  nonlinear  coupling  be¬ 
tween  the  modes,  there  will  of  course  be  a  sec¬ 
ondary  random  excitation  of  the  second  mode. 

Omitting  the  lengthy  details  of  stochastic  averaging 
(which  in  fact  begins  with  the  second  order 
equations)  we  eventually  find  the  equations  for  the 
variables  y,-: 

=  (ois/r+/fyiw  +  ^-j^^i'53(wi))  dt 


dyi  =  (ojyj  +  ff’yi  +  2/7yJ  - 

—’iV3\/^dwi 


dy3  —  (ajya  -  9*yj  -  '13viy3)dt  +  1xj3\/^dw3 

(4.9)a,6,  c 

The  ii»,(<)  are  Gaussian  (white  noise)  processes,  the 
dwi  being  defined  in  terms  of  the  stochastic  integral 
of  a  function  G(i)  (.see  Gr.rdiner  1985,  p.  83), 

f  G{t')dw,(l') 

Jt, 

The  5,(u))  are  the  spectral  density  functions  of  the 
Wi  and  the  Qij  are  cross-variances  of  the  stochastic 
sources,  computed  in  the  averaging  process 


Qn  =  ^(25i(0)-t-5,(2u/,)+  ^5,(2u„))-|- 

^453(1.;,) 

^?o  =  jf— 5-5i(0) 5i(2wi) -(- -ij53(2u)i) 

4  Vwf  ui{ 

Q33  =  4y^(5o 

Qt3  =  -Ay^yiQo 

Q33  =  ^y\Qo 

Qli  -  Qi3  =  0 

(4.10)a-/ 

The  mean  values  of  the  sources  are 

>^1  =  j[yi'^i(0)-f  jyi (5i(2wi) -(-  ^S3(2uii)J 


mj  =  2yj0o 
>^3  =  -iyzQo 

(4.11)a,6,c 

Finally,  the  growth  and  decay  rates  of  the  two  modes 
are  now 

qJ  =  oi  -I-  j^5i(0)  +  -Si(2ui)  + 

oj  =  02  —  v^-y52(0)  -Si(2wi)  +  — j52(2uj|) 

4^53(w,)) 


X. 


x 
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4.3  The  Center  Manifold  for  Equations  <4.9) 

Although  equations  (4.9)a,  6,  c  can  be  solved  numer¬ 
ically  in  their  present  form,  it  is  useful  to  simplify 
matter  further  by  taking  advantage  of  some  re¬ 
sults  obtained  by  Paparizos  and  Cuiick  (198di).  It 
is  relatively  straightfoiward  to  find  the  equation  for 
the  center  manifold,  an  approximation  to  the  one¬ 
dimensional  manifold  (or  locus)  of  limit  cycles  ex¬ 
tending  from  the  origin  =  yj  =  0.  We  expect 
that  a  similar  result  should  be  a  good  approxima¬ 
tion  here  when  stochastic  sources  are  present. 


Again  omitting  details  of  the  argument,  the  result  is 
that  in  limit  cycles  of  the  deterministic  part  of  the 
motions  —  i.e.  yi  =  jrj  =  i/a  =  0  and  dwi,dwi,dw3 
ignored  in  equations  (4.9)a,  &,  c  —  the  variable  ya 
can  be  expressed  as  a  function  of  yi  only; 


■  aX0 
yj 


(yi  <  vT) 
(j/i  >yi) 


where 


.  a?  *“  ot  4*  0.5^1 
^ — 


(4.13) 


(4.14) 


=  j(5,(0)-f-5,(2tv,)-l-  ^Sa(2u<,))  (4.15) 

and  Pi  is  the  smallest  positive  root  of 


"‘(“i)’ +  («•)’ 


(4.16) 


Note  that  Oj,  equation  (4.12)b,  is  a  function  of  yt. 


Equation  (4.13)  is  the  equation  of  the  center  man¬ 
ifold,  essentially  a  relation  between  the  amplitudes 
in  the  limit  cycle:  substitution  of  (4.13)  in  (4.9)c, 
with  2/3  =  0  and  dwj  dropped  gives  the  values  of  ya 
in  the  center  manifold. 


4.4  The  Fokksr-Planck-Kolmogorov  Equation 
for  Equations  (4.9) 


known  methods  (e.g.  Gardiner  1985,  Chapter  5) 
we  can  construct  the  Fokker-Planck-Kolinogorov 
equation  for  p: 

(4.18) 

This  equation  possesses  a  stationary  solution 
independent  of  time, 

(4.19) 

where 

«j  =  2al  -  3^1  (4.20) 

and  C  is  a  constant  fixed  by  requiring  that  p'(yi) 
be  normalized: 


(4.21) 


The  solution  (4.19)  is  an  approximation  to  the 
distribution  of  amplitude  ri ,  in  the  limit  cycle  when 
stochastic  sources  are  assumed  to  affect  directly  only 
the  fundamental  mode.  Just  as  for  the  deterministic 
behavior,  the  parameters  arising  in  the  problem 
must  satisfy  a  stability  condition  in  order  that  a 
stationary  solution  exist  ( “existence  in  mean  square 
value”).  Here,  the  deterministic  conditions  (4.7)5 
becomes 


oj  -b  2oi  -b  r 


^J,S(0)  -  ^5,(0) 

4  uif 

+  ^’^1  (2u»i ) -b  g-jj5}(2wi' 


<  0 
(4.22) 


We  now  confine  attention  to  the  behavior  in  the 
limit  cycle  executed  in  the  presence  of  stO''hastic 
sources.  Assuming  that  the  variable  yj  is  sufficiently 
well-approximated  by  its  dependence  on  the  center 
manifold,  equation  (4.9)a  is  now  a  stochastic 
differential  equation  for  yi  only; 

dyi  =  (a’l/i  -b  ^yiyjfyi)  -b  :7-^S3(uq)]d< 

(4.17) 

where  yjt'yi)  is  given  by  (4,13). 

The  amplitude  yi  is  now  a  random  variable 
characterized  by  a  probability  density  p(yi ,  <).  With 


Because  the  noise  field  is  coupled  to  the  acoustic 
field,  producing  both  parametric  and  ‘external’  e.x- 
citation  according  to  the  general  equations  (3.16),  a 
reasonable  question  is:  can  the  presence  of  stochas¬ 
tic  sources  be  responsible  for  observed  combustion 
instabilities?  That  is,  are  the  noise  sources  suffi¬ 
ciently  strong  to  r.ause  excitation  and  sustenance 
of  acoustic  nodes  that  are  deterministically  stable 
(o™  <  0)? 

To  obtain  meaningful  results,  we  must  ensure  that 


a  stationary  |.i' 'liability  distribution 
conditions  to  be  .satisfied  ate 

e.xists. 

The 

“n  +  7  k'”(2u,'„) -b  45i’"(2u,„) 

1  WS 

<  0 

(4.23) 

18-18 


where  and  Si"*  are  the  power  spectral  density 
Huctuations  of  the  parameter  excitations  („  and 
in  the  n**  acoustic  mode.  For  technical  reasons  of 
analysis,  we  are  ignoring  the  ‘external’  excitations 
Hn  which  cannot  cause  modes  to  be  excited  under 
the  conditions  treated  here. 


4.S  Som«  Numerical  ReauHa 

Because  we  have  not  attempted  to  work  out 
physically  realistic  models  of  the  non-acoustic 
fluctuations  (u,  p,  p)  we  cannot  claim  or  anticipate 
that  the  results  faithfully  represent  observed 
behavior.  The  initial  results  discussed  here  indicate 
that  the  approach  taken  here,  based  on  time  and 
stochastic  averaging,  is  an  effective  method  for 
treating  problems  in  which  both  instabilities  and 
noise  are  present. 

The  analysis  described  above  can  be  used  to  carry 
out  three  independent  sorts  of  computations;  Monte 
Carlo  simulations  with  the  second-order  equations 
(4.1)a,  i;  Monte  Carlo  simulations  with  the  first- 
order  stochastic  equations  (4.9)a,i,  e;  and  the 
probability  distribution  can  be  found  directly  as  the 
solution  to  the  Fokker-Planck-Kolmogorov  equation 
(4.18). 

Monte  Carlo  simulations  with  the  second-order 
equations  are  very  lengthy,  requiring  an  estimated 
100  CPU  hours  on  a  VAX  8800  for  a  simulation 
consisting  of  100  samples,  each  covering  3,000 
periods  of  the  fundamental  oscillation.  Here  we 
give  some  results  of  simulations  with  the  first-order 
equations,  requiring  approximately  5  hours  each. 
This  work  is  continuing  with  other  machines,  but 
no  results  are  available. 


Figure  S. 


Attention  here  is  confined  to  conditions  under  which 
stationary  probability  distributions  should  !  exist, 
with  linear  parameters  (a|  . . .)  assigned  realistic 
values.  Figure  3  is  a  comparison  of  the  distribution 
given  by  equation  (4.19)  with  a  Monte  j Carlo 
simulation.  The  frequency  of  the  fundamental  mode 
is  800  hertz,  ai  =  8  s"*,  and  aj  =  -125  s"*;  both 
modes  are  damped.  There  is  no  external  excitation 
(H|  =  0)  and  only  the  parametric  excitation  fi(<) 
is  present.  Good  agreement  is  apparent.  Figure  6 
shows  the  time  history  of  the  amplitude  of  the  first 
mode,  computed  for  two  samples  chosen  from  the 
.Monte  Carlo  simulations.  Note  that  one  is  ‘stable,’ 
decaying  within  about  20  cycles,  while  the  other 
exhibits  ‘asymptotic  stability,’  associated  with  the 
rather  long  tail  of  the  distribution  that  is  shown  in 
Figure  1. 


Rgurs  6. 


Figure  7  is  a  comparison  of  the  distribution 
computed  with  equation  (4.19)  with  a  Monte  Carlo 
simulation  when  both  parametric  and  e.xtiernal 
excitations  are  present  (^i(<),  ?2(t),  and  Ei(f) 
all  non-zero).  The  parameters  oj,  otj  have 
the  same  values  used  to  produce  Figure  5. 
Again  the  approximation  (4.19)  for  the  probability 
distribution  is  salisl'.ictory.  Note  that  the  external 
excitation  is  capable  of  causing  the  fundamental 
modes  to  be  excited  to  an  amplitude  somewhat 
larger  Ilian  that  occasionally  caused  by  parametric 
excitation  alone:  the  mo.st  probable  and  average 
values  of  rj  are  larger  than  those  predicted  with 
the  distribution  given  in  Figure  1. 

Figures  8  and  9  show  cases  in  which  the  fundamental 
mode  is  unstable  and  the  second  is  stable.  The 
results  therefore  show  the  influence  of  stochastic 
sources  on  the  amplitude  of  the  first  mode  in  a 
liinil  cycle.  Now  the  most  probable  value  of  the 
amplitude  naturally  obtains  a  higher  value,  larger 
in  Figure  9  for  which  oi  has  greater  magnitude:  in 
Figure  8,  at  =  8  s“*  and  in  Figure  9,  oi  =  —25  s”*. 


18-19 


Rgur*  9. 


5.  Determining  the  Dimensions  of  Attractors 
Observed  in  Combustion  Chambers 

The  noise  field  treated  in  the  preceding  section 
is  produced  by  stochastic  sources.  Hence  the 
unsteady  motions  generated  and  propagating  in 
the  cliamber  have  the  characteristics  of  random 
processes.  In  contrast,  the  motions  identified  as 
combustion  instabilities  constitute  a  deterministic 


system.  However,  pressure  records  taken  with 
operating  systems  often  appear  also  to  have  a 
random  character,  raising  the  question  of  possible 
chaotic  motions.  It’s  an  important  question,  not 
simply  because  this  might  be  another  example 
of  deterministic  chaos,  but  because  the  search 
for  the  answer  should  provide  further  information 
about  unsteady  nonlinear  behavior  in  combustion 
chambers. 

In  the  past  decade  much  has  been  accomplished 
in  developing  methods  of  analyzing  experimental 
data  to  find  evidence  of  chaos.  A  central  issue  is 
determining  the  dimensions  of  attractors,  objects 
in  phase  space  to  which  the  motions  of  a  nonlinear 
system  tend  after  long  times,  the  subject  of  this 
section.  A  point  in  phase  space  uniquely  defines 
the  instantaneous  state  of  a  dynamical  system. 
For  the  acoustic  field  denned  by  the  system  of 
equations  (2.31).  appropriate  coordinates  of  phase 
space  are  the  displacementi  and  velocities  {ri„,  ri„) 
of  the  oscillators  corresponding  to  the  acoustic 
modes.  In  principle,  the  phase  space  may  be 
infinite  dimensional,  but  since  we  can  treat  only  a 
finite  number  of  modes  (a  minimum  of  two),  the 
phase  space  will  always  have  a  finite  number  of 
dimensions,  at  least  four. 

A  path  or  trajectory  in  phase  space  represents  the 
evolution  of  motion  of  the  dynamical  system  in 
time.  An  attractor  is  a  point  or  a  collection  of 
points  in  phase  space  to  which  the  motion  tends 
after  a  long  time.  Thus  if  all  modes  are  stable, 
the  pressure  fluctuations  ultimately  vanish  and  the 
origin  (r;i  =  ij)  =  . . .  =  %  =  ^^  =  0)  is  an  attractor, 
in  this  case  having  dimension  0.  It  is  common  in 
combustion  systems  exhibiting  instabilities  that  the 
motions  settle  down  to  a  limit  cycle  in  which  many 
modes  may  participate,  but  the  motion  is  periodic. 

A  limit  cycle  is  represented  by  a  closed  (non¬ 
intersecting)  path  in  phase  space,  so  the  attractor 
in  this  case  has  dimension  one.  Periodic  limit  cycles 
have  been  long  known  from  theoretical  work  (e.g. 
Sirigano  and  Crocco  1964.  Zinn  1968.  Zinn  and 
Powell  1971,  Culick  1975.  1990,  Culick  and  Yang 
1989).  It  is  important  to  note  that  in  a  limit  cycle, 
the  frequencies  of  all  participating  modes  must  be 
such  that  is  a  rational  number  for  all  m,  n. 

That  means,  as  found,  for  example,  in  application 
of  (2.31),  that  the  frequencies  of  the  linear  acoustic 
modes  for  an  arbitrary  geometry  must  in  general 
be  shifted  by  nonlinear  effects  so  that  all  ratios  are 
indeed  rational.  For  the  results  reported  by  Zinn 
and  Powell  (1971),  Culick  (1975,  1990),  and  Culick 
and  Y.ang  (1989),  the  frequencies  in  the  limit  cycle 
are  integral  multiples  of  the  fundamental.  That 
relation  arose  both  for  longitudinal  modes,  when 
=  nwi,  for  the  unperturbed  (classical)  modes. 
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and  for  inodes  of  a  cylindrical  chamber  when  the 
classical  frequencies  are  not  in  simple  ratios. 

If  there  are  two  or  more  fundamental  frequencies 
in  the  limit  cycle  such  that  wl,**  =  nui  and 
Wm  =  muj ,  or  if  the  frequencies  of  the  participating 
modes  form  irrational  ratios  in  ultimate  steady 
motion,  the  corresponding  attractor  in  phase  space 
is  a  torus  having  integral  dimension.  2,  3,  4, 
...  or  greater,  corresponding  to  2,  3,  4,  ... 
fundamental  frequencies.  Those  two  classes  of 
possible  motions  are  called  periodic  and  quasi- 
periodic.  Even  though  the  phase  space  may  have 
large  dimension,  just  as  limit  cycles  of  dimension 

1  may  exist,  so  also  may  tori  of,  say,  dimension 

2  exist.  It  is  possible,  as  a  result  of  ‘frequency¬ 
locking,’  that  a  quasi-periodic  motion  may  become 
periodic.  Tori  of  dimension  greater  than  3  may  be 
unstable  (technically,  ‘structurally  unstable),  and, 
if  so,  would  not  be  observable.  That  is  a  matter 
of  continuing  research;  consult  Berge,  Pomeau,  and 
Vidal  (1984)  for  a  good  readable  introduction  to  the 
subject. 

It  is  now  a  familiar  result  that  deterministic 
dynamical  systems  may  exhibit  apparently  random 
behaviors  called  chaos,  fundamentally  different  from 
true  random  or  stochastic  behavior,  conveniently 
called  simple  noise.  Although  not  theoretically 
necessary,  it  appears  that  for  a  real  system  to  exhibit 
chaotic  behavior,  its  phase  space  must  contain  an 
attractor  having  non-integral  dimension,  a  strange 
attractor.  The  question  addressed  in  this  section  is: 
can  combustion  chambers  showing  instabilities  also 
develop  chaotic  motions? 

To  date  it  appears  that  no  chaotic  motions  have 
been  definitely  identified  in  analytic  or  numerical 
results  for  the  sorts  of  acoustical  systems  we  are 
concerned  with  here,  although  some  examples  may 
have  been  found  in  results  reported  by  Paparizos 
and  Culick  (1991).  Recent  work  by  Jahnke  and 
Culick  (1991)  has  suggested  that  toroidal  attractors 
may  exist,  but  the  results  are  preliminary  and 
the  implications  are  unknown.  It  is  therefore 
particularly  important  to  investigate  the  possibility 
by  examining  experimental  results.  All  recordings 
of  pressure  in  combustion  chambers  show  random 
fluctuations  traditionally  assumed  to  be  noise.  The 
problem,  a  common  one,  is  to  discover  whether  one 
can  distinguish  chaos  in  the  noise. 

The  nonlinear  acoustical  system  itself  is  of  course 
not  the  only  possible  source  of  chaotic  behavior  in  a 
combustion  chamber.  Indeed,  much  effort  has  been 
expended  in  the  recent  past  on  identifying  chaotic 
behavior  in  mai.y  problems  of  fluid  mechanics, 
with  particular  emphasis  on  the  development  of 
turbulence.  Turbulent  fluid  flow  is  typically 


characterized  statistically  even  though  it  is  governed 
by  deterministic  partial  differential  equations.  The 
stocliastic  representation  is  useful  because  the 
number  of  degrees  of  freedom  present  in  the 
fluid  is  very  large  (it  can  be  approximated  by 
dividing  a  characteristic  volume  by  the  cube  of  the 
Kolmogorov  scale).  However,  in  many  systems, 
much  simpler  large-scale  dynamics  may  emerge  due 
to  fluid  mechanical  feedback  mechanisms  that  result 
in  coherent  oscillatory  flows.  The  vortex  dynamics 
of  jets,  wakes,  and  other  separated  flows  are  often 
modeled  as  having  only  a  few  degrees  of  freedom 
even  though  turbulence  is  present.  Similarly,  in 
combustion  chambers,  the  presence  of  acoustic 
modes  (given  by  equations  2.30a.  6)  often  results  in 
coherent  oscillations  that  can  be  modeled  effectively 
with  only  a  few  ordinary  differential  equations. 

However,  acoustic  oscillations  are  present  because 
some  mechanism  exists  for  transfer  of  energy  from 
combustion  processes  or  the  flow  itself  (e.g.  large- 
scale  vortices)  to  the  coherent  motiens.  The 
behavior  of  the  organized  motions  could  therefore 
conceivably  .serve  as  a  marker  of  chaotic  behavior 
actually  originating  somewhere  within  the  system. 
We  are  far  from  understanding  the  dynamics  of 
the  processes  in  combustion  chambers  theoretically, 
but  in  any  event,  progress  with  the  theory  depends 
heavily  on  experimental  results.  We  report  here 
some  resuas  obtained  with  analysis  of  pressure 
records  taken  in  a  laboratory  dump  combustor 
fueled  with,  pre-mixed  gases  (Sterling  and  Zukoski 
1987,  1991). 

Recently  developed  data  analysis  techniques  may 
be  used  to  determine  the  minimum  number  of 
degrees  of  freedom  responsible  for  the  generation 
of  a  particular  time-series  signal.  The  techniques, 
developed  as  an  outgrowth  of  modern  nonlinear 
dynamical  systems  theory  during  the  past  decade, 
make  use  of  a  signal  processing  technique  known  as 
the  ‘time-delay  embedding  method.’  This  method 
allows  an  experimentalist  to  embed  the  data  in  a 
phase-space  representation.  If  start-up  transients 
have  ceased,  the  phase-space  trajectory  traces  out 
a  set  of  points  that  comprise  an  attractor.  The 
dimension  of  this  attractor  provides  a  lower  limit 
on  the  number  of  degrees  of  freedom  of  the  system 
active  in  the  observed  nonlinear  behavior.  Details 
on  both  the  embedding  method  and  the  dimension- 
finding  algorithms  can  be  found  in  an  introductory 
article  by  Gershenfeld  (1988). 

The  method,  proposed  first  by  Packard  et  al. 
(1980),  rests  on  the  idea  that  some  properties 
of  a  multi-dimensional  nonlinear  system  may  be 
determined  from  the  lime-series  measurements  of 
a  single  variable.  In  particular,  under  quite  broad 
circumstances  often  prevailing  in  actual  situations. 
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a  reconstruction  of  the  attractor  according  to  the 
following  procedure  will  have  (almost  always)  the 
same  dimension  as  the  true  attractor.  In  the  present 
case,  we  have  a  recording  of  the  pressure  as  a 
function  of  time,  such  as  that  reproduced  in  Figure 
10.  Choose  a  fixed  time  t  when  the  pressure  is 
p{t)  and  construct  the  n-dimensional  vector  P(t) 
having  components  equal  to  p(t)  and  the  xaliies  of 
the  pressure  at  the  delayed  times  t  +  r,i  +  '2r,  . . ., 
t  +  (n-  l)r; 

PU)=  {p{0.  +  p(H  2r) . p(t+(n-l)r)} 

(5.1) 

This  representation  contains  two  parameters:  the 
delay  time  r  and  the  embedding  dimension  n.  Both 
must  be  varied  with  care  as  noted  below. 
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After  r  and  n  have  been  chosen,  I  is  assigned 
discrete  values  ti,  <3  ...,  (i.e.  the  pressure 
record  is  digitized);  the  vectors  /"(ti)  then  trace  a 
trajectory  in  the  n-dimensional  embedding  space. 
That  trajectory  is  the  reconstruction  of  the 
attractor.  Theoretical  results  have  shown  that  if 
the  attractor  associated  with  the  motion  of  the 
system  has  dimension  D,  then  the  dimension  of  its 
reconstruction  will  also  be  Z?  if  n  >  '2D+ 1  (see,  e.g., 
reviews  by  Parker  and  Chua  1987  and  by  Theiler 
1990).  The  choice  of  r  is  rather  delirate;  it  is 
sufficient  here  to  remark  that  it  must  be  neither  too 
small  nor  too  large  or  too  close  to  the  period  of  a 
motion  in  the  system.  Thus  r  is  varied  in  the  data 
processing  to  produce  best  results. 

The  problem  now  is  to  estimate  the  dimension  of  the 
object  obtained  with  the  procedure  just  described. 
Consider  a  point  on  the  reconstructed  attractor  and 
imagine  a  ball  or  hypersphere  of  radius  r  centered 
on  the  point.  The  number  of  points  within  the 
ball  depends  on  the  size  of  the  ball,  varying  as  r" 
where  1/  is  the  dimension  of  the  attractor  (see  Berge, 
Pomeau,  and  Vidal  1984.  p.  149  for  a  supporting 


argument);  thus  if  ATfr)  is  the  number  of  points  on 
that  portion  of  th'  attractor  on  the  ball, 

^f(r)  =  Ar'’  (5.2) 


where  A  is  a  constant  and  v  is  the  dimension  of  the 
attractor.  Hence 


log  iV(r)  +  constant 
logr 


(5.3) 


and  a  plot  of  logfV(r)  versus  logr  will  have  slope 
equal  to  the  dimen.sion. 


That  idea  has  been  extended  by  Grassberger  and 
Procaccia  (1983)  to  define  a  ‘correlation  dimension.’ 
Consider  pairs  of  points  located  at  the  tips  of 
pairs  of  vectors  P(li),  P(tj),  defined  by  (5.1). 
The  distance  between  a  pair,  |P(ti)  -  P(<;)|,  can 
be  computed  and  the  spati  '.  correlation  C(r)  is 
formed; 


If  number  of  pairs  of  points  for) 
■  AtiHUojvjt  which  |P(fi)- P(tj)|  <  r  / 

(5.4) 

where  N  is  the  total  number  of  .jairs  considered. 
The  correlation  dimension  1/  is  defined  in  analogy 
with  (5.2),  writing 

C(r)  =  ,4r‘'  (5.5) 


Hence 


logC(r)  +  constant 
logr 


(5.6) 


If  a  plot  of  logC(r)  versus  logr  shows  a  linear 
variation,  the  slope  is  identified  as  the  dimension 
of  the  attractor. 


The  number  of  points  P(<,)  used  deoends  in  the 
first  instance  on  the  length  of  the  pressure  record 
available  and  on  the  interval  of  digitizing,  both  of 
which  can  be  varied,  of  course.  We  assume  that 
a  sufficiently  large  number  is  used,  so  the  diief 
remaining  parameter  is  the  embedding  dimension 
n  which  yields  important  information  when  it  is 
varied.  Suppose  first  that  the  attractor  is  a  limit 
cycle,  a  curve  of  dimension  one.  If  the  chosen 
points  P{ti)  are  distributed  uniformly  (for  example) 
on  the  curve,  then  for  sufficiently  small  r,  it 
seems  reasonable  to  expect  N{r)  ~  r  so  1/  =  1 
as  required.  This  result  doesn't  change  if  the 
embedding  dimension  is  varied  because  the  points 
must  always  lie  on  the  curve. 

The  case  is  different  if  noise  is  present.  As  discussed 
in  Section  2,  we  may  view  the  noise  field  as  the 
superposed  motions  of  a  large  number  of  modes  or 
oscillators  (an  infinite  number  for  ideal  white  noise). 
Hence  the  trajectories  of  the  system  lie  in  a  phase 
space  of  large  (infinitel  dimension  and  densely  cover 
any  embedding  space  of  finite  (small)  dimension. 


Hence  the  criterion  n  >  2(f  +  1  cannot  be  satisfied 
for  small  n.  As  a  result  (Bergd,  Pomeau,  Vidal 
1984,  pp.  152)  the  dimension  v  computed  according 
Co  (5.6)  approaches  the  embedding  dimension  as 
r  is  decreased.  In  other  words,  if  the  procedure 
based  on  the  idea  of  correlation  dimension  is  applied 
to  a  stochastic  or  random  process,  a  dimension  i/ 
cannot  be  found  independently  of  the  embedding 
dimension. 

In  this  work  we  used  a  version  of  the  algorithm 
of  Grassberger  and  Procaccia  (1983)  written  by 
Schneider  (1990).  Figure  11  shows  results  obtained 
for  a  random  signal  (the  ‘data  points’  were 
computed  with  a  random  number  generator).  For 
the  two  choices  of  embedding  dimension  n  =  5,  9, 
the  slope  of  log  C(r)  versus  logr  does  not  approach 
a  constant  value  as  r  (the  site  of  the  ball)  is 
reduced.  As  expected  by  construction  of  the  data, 
there  is  no  evidence  of  a  low-dimensional  attractor, 
in  confirmation  of  the  remarks  in  the  preceding 
paragraph. 
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Spectrum  of  Pressure  Oscillations 
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Figure  13  shows  the  dimension  of  the  signal  that 
was  used  to  generate  the  spectrum  of  Figure  12. 
The  points  on  the  attractor,  which  numbered 
8150,  were  embedded  in  a  9-D  phase  space  using 
a  400  microsecond  (5  points)  time  delay.  This 
particular  case  reveals  significant  scale  separation 
between  noise  and  deterministic  dynamics.  A  two- 
dimensional  attractor  (a  2-torus)  is  observed  over 
approximately  an  order  of  magnitude  of  scales.  A 
value  of  two  is  a  result  of  the  excitation  of  the 
two  acoustic  modes.  Since  the  other  peaks  in  the 
spectrum  are  subharmonics  of  these  fundamental 
modes,  they  are  not  associated  with  additional 
degrees  of  freedom  but  are  a  result  of  the  nonlinear 
nature  of  the  oscillations,  as  described  in  the 
remarks  at  the  beginning  of  this  section.  This 
dimension  determination  provides  a  lower  bound  on 
the  number  of  modes  that  participate  in  the  large- 
amplitude  oscillations.  However,  he  dimension 
increases  abruptly  at  the  smaller  scales,  suggesting 
that  additional  degrees  of  freedom  are  present, 
either  due  to  the  presence  of  additional  acoustic 
modes  or  as  a  result  of  the  turbulent  combustion. 


Data  from  the  combustor  at  the  Caltech  Jet  j 

Propulsion  Center  (Sterling  and  Zukoski  1987)  has  J 

been  obtained  when  a  premixed  methane/air  flame  I 

was  stabilized  behind  a  rearward-facing  step.  The  | 

power  was  around  45  kW  based  on  the  higher  » 
heating  value  of  the  fuel.  A  pressure  transducer  * 

located  above  the  flameholder  was  used  to  monitor  " 

the  oscillatory  pressure  and  data  was  collected  at  ! 
80  microsecond  intervals.  The  frequency  spectrum  » 
of  the  pressure  signal  is  shown  in  Figure  12. 

The  prominent  peaks  correspond  to  a  longitudinal 
acoustic  mode  near  460  hertz,  a  mode  near  530 
hertz,  and  the  1/2  and  4/5  subharmonics  of  the 
latter  mode  that  are  present  near  265  and  424  hertz. 
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With  the  limited  results  obtained  to  date  we 
have  found  no  evidence  for  an  attractor  having 
fractional  dimension,  and  hence  no  suggestion  of 
chaotic  behavior.  The  two  oscillations  defining  the 
toroidal  attractor  at  460  Hz  and  530  Hz  correspond 
to  linear  acoustic  modes  of  the  system  (Sterling 
and  Zukoski  1991),  but  the  results  of  the  data 
analysis  do  not  establish  the  precise  mechanism 
causing  those  modes  to  be  excited,  or  the  processe* 
responsible  for  the  existence  of  the  attractor.  Nor 
do  we  yet  have  any  understanding  of  possible 
interactions  between  the  attractor  and  the  noise 
in  the  system.  Observations  reported  in  earlier 
publications  have  shown  that  the  excitation  and 
sustenance  of  the  steady  large-amplitude  acoustical 
motions  arc  associated  with  the  shedding  of  large 
vortical  structures  from  the  rearward-facing  step, 
combustion  within  the  vortices,  and  interactions 
with  the  lateral  boundaries  of  the  duct.  No  analysis 
has  been  done  for  the  complete  problem. 

We  believe  that  the  method  used  here  (only  one  of 
several  known  approaches)  to  extract  information 
about  the  nonlinear  behavior  from  pressure  records 
can  provide  important  contributions  to  understand¬ 
ing  unsteady  motions  in  combustion  chambers.  Re¬ 
sults  obtained  in  this  fashion  cannot  alone  explain 
observations,  or  serve  as  a  basis  for  possible  means 
of  active  control.  Meaningful  progress  will  require 
collaboration  with  other  methods  of  the  sort  de¬ 
scribed  earlier  in  this  paper. 

6.  Concluding  Remarks 

The  approximate  analysis  discussed  in  the  first 
part  of  this  paper  has  been  used  successfully  for 
many  years  to  investigate  problems  of  stabilities  in 
combustion  chambers.  Extension  to  accommodate 
stochastic  sources  representing  possible  effects  of 
combustion  noise  is  new  and  only  a  few  results  have 
been  obtained.  Although  the  approach  taken  here 
seems  to  produce  results  consistent  with  observed 
behavior,  we  cannot  draw  definite  conclusions. 

In  particular,  we  have  not  yet  carried  out 
sufficient  calculations  to  determine  the  influences  of 
deterministic  motions  on  noise  levels.  Therefore, 
we  cannot  assess  the  proposal  to  control  noise 
levels  by  controlling  the  acoustic  field.  It  may  not 
be  possible  to  make  such  an  assessment  without 
incorporating  realistic  models  of  the  noise  sources. 
We  have  avoided  that  issue  by  assuming  that  the 
non-acoustic  fluctuations  are  4imply  Gaussian  noise. 
That  cannot  be  an  accurate  assumption  even  though 
the  sources  will  in  any  case  enter  the  analysis  as 
parametric  and  external  excitations  of  the  form 
appearing  in  the  system  equations  (3.16).  Modeling 
the  non-acoustical  motions  will  likely  be  the  most 
difficult  and  important  part  of  the  problem;  we 


have  no  reason  to  change  the  general  structure  of 
the  analytical  framework. 

Analysis  of  experimental  data  with  the  methods 
suggested  in  Section  5  clearly  merits  continued 
effort.  The  information  obtained  is  likely  to 
provide  important  contributions  to  understanding 
the  nonlinear  behavior.  The  same  methods  can 
of  course  be  applied  to  numerical  data  obtained 
with  the  analysis  described  earlier.  Thus  one  is 
able  to  work  simultaneously  with  modeling  physical 
processes,  results  of  the  approximate  analysis, 
and  experimental  data,  a.  necessary  strategy  for 
dealing  with  problems  that  cannot  be  solved  entirely 
theoretically  from  first  principles. 


Acknowl*dgm*nts 

This  work  has  been  supported  partly  by  the 
California  Institute  of  Technology;  by  the  Office  of 
Naval  Research;  by  the  Air  Force  Office  of  Scientific 
Research;  and  by  the  National  Aeronautics  and 
Space  Administration. 


RafnrwicM 

/ 

Aubrey,  N.,  Holmes,  P.,  Lumley,  J.  L.,  and  Stone  E. 
(1988)  “The  Dynamics  of  Coherent  Structures  in 
the  Wall  Region  of  Turbulent  Boundary  Layers,” 
J.  FL  Mteh.,  Vol.  192,  pp.  115-173. 

Baum,  J.  (1988)  “Numerical  Investigation  of 
Acoustic  Refraction  Phenomenon  in  Solid 
Propellant  Motions,”  in  Comp'ntational  Fluid 
Dynamics,  G.  de  Vahl  aud  C.  Fletcher,  eds., 
Elsevier  Science  Publisher,  pp.  249-265. 

Beckert,  D.  and  Pfizennaies,  E.  (1972)  “Uber  die 
Verstarkung  von  Brietband-Strahllarm  durch 
eine  Einzeltonanregung,"  DLR  -  Forschnngs- 
bericht,  75-72  (cited  by  Muller  1976). 

Berge,  P.,  Pomeau,  Y.,  and  Vidal,  C.  (1984)  From 
Order  to  Chaos,  John  Wiley  U  Sons,  New  York. 

Breeden,  J.  L.,  Dinkelacher,  F.,  and  Hiibler,  A. 
(1990)  “Noise  in  the  Modeling  and  Control  of 
Dynamical  Systems,”  Phys.  Rev.  A,  Vol.  42, 
pp.  5827-5836. 

Cbu,  B.-T.  and  Kovasznay,  L.  S.  G.  (1958)  “Non¬ 
linear  Interactions  in  a  Viscous  Heat-conducting 
Compressible  Gas,”  J.  FI.  Mech.,  Vol.  3,  No.  5, 
pp.  494-514. 

Chiu,  H.  H.  and  Summerfield,  M.  (1973)  “Theory 
of  Combustion  Noise,”  Acta  Astronautica,  Vol. 
1.  pp.  967-984. 


/ 


18-24 


Chiu,  H.  H.,  Plett,  £.,  and  Summerfield,  M.  (1975) 
“Noiae  Generated  by  Ducted  Combustion,”  in 
AeroacousUcs:  Jet  CombriaUon  and  Noise,  Vol. 
37  of  Progress  in  Astronautics  and  Aeronautics, 
AIAA,  New  York,  pp.  249-276. 

Crighton,  D.  G.  (1975)  “Basic  Principles  of 
Aerodynamic  Noise  Production,”  Progress  in 
Aerospace  Science,  Vol.  16,  No.  1,  pp.  31-96. 

Culick,  F.  E.  C.  (1971)  “Nonlinear  Growth  and 
Limiting  Amplitude  of  Acoustic  Oscillations  in 
Combustion  Chambers,”  Comb.  Sci.  and  Tech., 
Vol.  3,  No.  1,  pp.  1-16. 

Culick,  F.  E.  C.  (1975)  “Nonlinear  Behavior  of 
Acoustic  Waves  in  Combustion  Chambers  — 
Parts  I  and  11,”  Astronautica  Acta,  Vol.  3, 
pp.  715-766. 

Culick,  F.  E.  C.  (1988)  “Combustion  Instabilities 
in  Liquid-Fueled  Propulsion  Systems,”  AGARD 
72B,  PEP  Meeting,  Bath,  England. 

Culick,  F.  E.  C.  (1990)  “Recent  Results  in  Nonlinear 
Acoustics  in  Combustion  Chambers,”  AIAA 
13th  Aerospace  Conference,  AIAA  Paper  No. 
3927. 

Culick,  F.  E.  C.  and  Yang,  V.  (1989)  “Prediction 
of  Linear  Stability  in  Solid  Propellant  Rockets,” 
to  appear  in  AIAA  Progress  Series  Volume 
Unsteadf  Burning  and  Combustion  Instability  of 
Solid  Propellants. 

Cumpsty,  N.  A.  and  Marble,  F.  E.  (1977)  “Core 
Noise  from  Jet  Engine  Exhausts,”  J.  Sound  and 
Vib.,  Vol.  54,  No.  2,  pp.  297-309. 

Ditto,  W,  L.,  Rauseo.  S.  N.,  and  Spano,  M.  L.  (1990) 
“Experimental  Control  of  Chaos,”  Phys.  Rev. 
Lett.,  Vol.  65,  No.  20,  pp,  .3211-3214, 

Doak,  P.  E.  (1973)  “Fundamentals  of  Aerodynamic 
Sound  Theory  and  Flow  Duct  Acoustics,”  J. 
Sound  and  Vib.,  Vol.  28,  No.  3,  pp.  527-561. 

Ffowcs-Williams,  J  E.  (1969)  “Hydrodynamic 
Noise.”  Annas/  Reviews  of  Fluid  Mechanics,  Vol. 

1,  pp.  197-222. 

Ffowcs-Williams,  J.  E.  (1974)  “Sources  of  Sound,” 
Proceedings  8th  Congress  on  Acoustics,  London, 
pp.  1-10. 

Gardiner,  C.W.  (1985)  Handbook  of  Stochastic 
Methods,  Springer- Verlag,  Berlin. 

Gershenfeld,  N.  (1988)  “An  Experimentalist’s 
Introduction  to  the  Observation  of  Dynamical 
Systems,”  chapter  in  Directions  in  Chaos.  Vol. 


2,  Hso  Bai-lin  (Ed.),  World  Scientific  Press, 
Singapore. 

Grassberger,  P.  and  Procaccia,  I.  (1983)  “Measuring 
the  Strangeness  of  Strange  Attractors,”  Physica 
9D,  pp.  189-208. 

Gulati,  A.  and  Mani,  R.  (1990)  “Active  Control 
of  U  Meady  Combustion-Induced  Oscillations,” 
28th  Aerospace  Sciences  Meeting,  Paper  No. 
AIAA  90-0270. 

Hegde,  V.  G.,  Rueter,  D.,  and  Zinn,  B.  T.  (1988) 
“Sound  Generation  by  Ducted  Flames,”  AIAA 
J.,  Vol.  26,  No.  5,  pp.  532-537. 

Hegde,  V.  G.  and  Strahle,  W.  C.  (1985)  “Sound 
Generation  by  Turbulence  in  Simulated  Rocket 
Motor  Cavities,”  AIAA  J.,  Vol.  23,  No.  1, 
pp.  71-77. 

Howe,  M.  S.  (1975)  “Contributions  to  the  Theory  of 
Aerodynamic  Sound  With  Application  to  Excess 
Jet  Noise  and  the  Theory  of  the  Flute,”  J.  Fluid 
Mech.,  Vol.  71,  pp.  625-673. 

lUTAM  ic  NATO  Advanced  Research  Workshop 
(1991)  “Interpretation  of  Time  Series  From 
Nonlinear  Mechanical  Systems,”  19-23  August, 
University  of  Warwick,  England. 

Jahnke,  C.  C.  and  Culick,  F.  E.  C.  (1991)  “Applies- 
tion  of  Bifurcation  Theory  to  Nonlinear  Acous¬ 
tics  in  Combustion  Chambers.”  in  preparation. 

Heanini,  R.,  Yu,  K,,  and  Daily,  J.  (1989)  “Evidence 
of  a  Strange  Attractor  in  Ramjet  Combustion,” 
27th  Aerospace  Sciences  Meeting,  Paper  No. 
AIAA  89-0624. 

Kantor,  J.  G.  (1984)  “A  Dynamical  Instability 
of  Spark  Ignition  Engines,”  Science,  Vol.  224, 
pp.  1233-1234. 

Krylov,  N.  and  Bogoliubov,  N.  (1947)  Introduction 
to  Nonlinear  Mechanics,  Princeton  University 
Press,  Princeton,  New  Jersey. 

Lighthill,  M.  J.  (19.32)  “On  Sound  Generated 
Aerodynamicaliy,  Part  I.  General  Theory,”  Proc. 
Roy.  Soc.,  A211,  pp.  5C4-587. 

Lighthill,  M.  J.  (1953)  “On  Sound  Generated 
Aerodynamicaliy,  Part  II.  Turbulence  as  a 
Source  of  Sound,"  Piuc.  Roy.  Soc.,  A2,  pp.  1- 
32. 

Lilley,  G.  M.  (1973)  “On  the  Noise  From 
Jets,”  Proceedings  of  AGARD  Conference,  Noise 
Mechanisms,  Paper  No.  13,  AGARD-CP-131. 


18-23 


Lumley,  J.  L.  (lOfiT)  “The  Structure  |>f  T\irbulent 
Flows,”  in  Atmospheric  Turbulence  and  Radio 
Wave  Propagation,  A.  M.  Yaglom  and  V.  I. 
Tatarski,  eda.,  Moscow;  Nauka,  pp..  166-178. 

! 

Mani,  R.  (1972)  “A  Moving  Source  Problem 
Relevant  to  Jet  Noise,”  J.  Sound  and  Vih.,  Vol. 
25,  pp.  337-347. 

Mani,  R.  (1973)  “The  Issue  of  Convective 
Amplihcation  in  Jet  Noise,”  Proceedings  of 
AGARD  Conference,  Noise  Mechanisms,  Paper 
No.  10,  AGARD-CP-131. 

Mani,  R.  (1976)  “The  Influence  of  Jet  Flow  in  Jet 
Noise.  Part  1,  The  Noise  of  Unheated  Jets;  Part 
2,  The  Noise  of  Heated  Jets,”  J.  Ft.  Mech.,  Vol. 
73,  Part  4,  pp.  753-793. 

McManus,  K.  R.,  Poinsot,  T.,  and  Cardel,  S. 
H.  (1991)  “A  Review  of  Active  Control  of 
Combustion  Instabilities,”  Symposium  on 
Combustion,  Proceedings. 

Menon,  S.  and  Jou,  VV.-H.  (1990);  “Modes  of 
Oscillation  in  a  Nonreacting  Ramjet  Combustor 
Flow,”  J.  Prop,  and  Power,  Vol.  6,  No.  5, 
pp.  535-543. 

Muller,  E.-A.  (1976)  “Flow  Acoustics,”  in  Theoreti¬ 
cal  and  Applied  Mechanics,  W.  T.  Korter  (Ed.), 
North-Holland  Publishing  Co. 

Ott,  E.,  Grebogi,  C.,  and  Yorke,  I!  A.  (1990) 
“Controlling  Chaos,”  Phys.  Rev.  Lett,  Vol.  64, 
No.  11,  pp.  1196-1199. 

Packard,  N.  H.,  Crutchfleld,  J.  P.,  Farmer,  J.  P., 
and  Shaw,  R.  S.  (1980)  “Geometry  From  a  Time 
Series,”  Phys.  Rev.  Lett.,  Vol.  45,  No.  9,  pp.  712- 
714. 

Paparizos,  L.'  and  Culick,  F.  E.  C.  (1989a) 

“The  Two-Mode  Approximation  to  Nonlinear 
Acoustic  in  Combustion  Chambers  I.  Exact 
Solution  for  Second-Order  Acoustics,”  Conb. 
Sci.  Tech.,  Vol.  65,  No.  1-3,  pp.  39-65. 

Paparizos,  L.  and  Culick,  F.  E.  C.  (19896) 

“The  Two-Mode  Approximation  to  Nonlinear 
Acoustic  Waves  in  Combustion  Chambers  with 
Stochastic  Sources,”  (unpublished). 

Paparizos,  L.  and  Culick,  F.  E.  C.  (1991)  “The  Two- 
Mode  Approximation  to  Nonlinear  Acoustic  in 
Combustion  Chambers  II.  Possible  Influences 
of  Third-Order  Acoustics  and  Mean  flow  in 
TViggering,”  submitted  for  publication. 


Parker,  T.  S.  and  Chua,  L.  O.  (1987)  “Chaos; 
A  'nitoriai  for  Engineers,"  Proceedings  of  the 
IEEE,  Vol.  75,  No.  8,  pp.  982-1008. 

Phillips,  0.  M.  (1960)  “On  the  Generation  of  Sound 
by  Supersonic  Turbulent  Shear  Layers,”  J.  Fluid 
Meek.,  Vol.  9.  pp.  1-28. 

Poinsot,  T.,  Hossein,  K.,  Le  Chatlier,  C.,  Candel, 
S.  H.,  and  Esposito,  E.  (1986)  “An  Experimen¬ 
tal  Analysis  of  Noise  Sources  in  a  Dump  Com¬ 
bustor,”  in  Dynamics  of  Reactive  Systems  Part 
I:  Flames  and  Configurations,  ed.  J.  R.  Brown, 
J.C.  Leyer,  and  R.  I.  Soloukhin,  Vol.  45,  Part 
1  of  Pro-gress  t'n  Astronautics  and  Aeronautics, 
AIAA,  New  York,  pp.  333-345. 

Poinsot,  T.,  Bourienne,  F.,  Caudel,  S.  H.,  and 
Esposito,  E.  (1989)  “Suppression  of  Combustion 
Instabilities  by  Active  Control,”  J.  Propulsion, 
Vol.  5,  No.  1.  pp.  14-20. 

Rapp,  D.  and  Schneider,  P.  E.  M.  (1972)  “Schal- 
Iverstarkung  und  Gerauschmindesung  bei  schall- 
beeinfluster  Flammen,”  Max  Planck  Institut  fiir 
Stromungsforschiiiig,  Bericht  8  (cited  by  Muller 
1976). 

Ribner,  H.  S.  (1981)  “Perspectives  in  Jet  Noise,” 
AIAA  J.,  Vol.  19,  No.  12,  pp.  1513-1526. 

Roberte,  J.  B.  and  Spanos,  P.  D.  (1986)  “Stochastic 
Averaging;  An  Approximate  Method  of  Solving 
Random  Vibration  Problems,”  Int.  J.  Non- 
Linear  Mech.,  Vol.  21,  No.  2,  pp.  111-134. 

Schneider,  S.  P.  (1990)  “Free-Stream  Turbulence;  A 
Limitation  on  Fractal  Descriptions  of  Open-Flow 
Systems,”  Phys.  Fluids,  A2,  No.  5,  pp.  869-872. 

Schubert,  L.  K.  (1972)  “Numerical  Study  of  Sound 
Refraction  by  a  Jet  Flow.  Part  I;  Ray  Acoustics; 
Part  II;  Wave  Acoustics,”  J.  Acoustic  Soc.  Am., 
Vol.  51,  pp.  439^63. 

Sirignano,  W.  and  Crocco,  L.  (1964)  “A  Shock  Wave 
Model  of  Unstable  Rocket  Combustors,”  AIAA 
J.,  Vol.  2,  No.  7,  pp.  1285-1296. 

Sirovich,  L.  (1987)  “Turbulence  and  the  Dynamics 
of  Coherent  Structures,"  Q.  Appl.  Math.,  Vol. 
45,  pp.  561-590. 

Sterling,  J.  D.  (1990)  “Chuacteri^tion  of  the 
Nonlinear  Dynamics  of  Experimental  Signals; 
Distinguishing  Between  Noise/  and  Chaos,” 
Caltech  Series  on  Active  Control  of  C^bustion 
Instabilities,  Document  CI90-'2 

Sterling,  J.  D.  (1991)  “Characterization — and 
Modeling  of  Aperiodic  Pressure  Oscillatiml»«i^ 


18-26 


in  Combustion  Chambers.”  AIAA/SAE/ASME 
27th  Joint  Propulsion  Me<-iiiig,  Paper  No.  AIAA 
91-2082. 

Sterling,  J.  D.  and  Zukoski,  E.  E.  (1987) 
“Longitudinal  Mode  Combustion  Instabilities  in 
a  Dump  Combustor,”  AIAA  25th  Aerospace 
Sciences  Meeting,  AIAA  Paper  No.  87-0220. 

Sterling,  J.  D.  and  Zukoski,  E.  E.  (1991)  “Nonlinear 
Dynamics  of  Laboratory  Combustion  Pressure 
Oscillations,”  Combustion  Science  and  Technol¬ 
ogy,  Vol.  77,  Nos.  4-6,  pp.  225-238. 

Strahle,  W.  C.  (1971)  “On  Combustion  Generated 
Noise,”  J.  Fluid  Meek.,  Vol.  49,  pp.  399-114. 

Strahle,  W.  C.  (1978)  “Combustion  Noise,”  Progress 
in  Energy  and  Combustion  Science,  V'ol.  4, 
pp.  157-176. 

Strahle,  VV.  C.  (1985)  “A  More  Modern  Theory  of 
Combustion  Noise,”  in  Recent  Advances  in  the 
Aerospace  Sciences,  Plenum  Press,  pp.  103-114. 

Stratoiiovich,  R.  L.  (1963)  Topics  in  the  Theory 
of  Random  Noise  Vols.  I  and  II,  Gordon  and 
Breach,  New  York. 

Stratonovich,  R.  L.  (1966)  “A  New  Representation 
for  Stochastic  Integrals  and  Equations,”  SIAM 


J.  Control,  Vol.  4.  pp.  362-371. 

Theiler,  J.  (1990)  “Elstimating  Fractal  Dimension,” 
J.  Opt.  Soc.  Am.  A,  Vol.  7,  .Vo.  6,  pp.  1055-1073. 

Wilson.  K.  J.,  Gutmark,  E.,  Schadow,  K.  C., 
and  Smith,  R.  A.  (1991)  “Active  Control  of  a 
Dump  Combustor  with  Fuel  .Modulation,”  29th 
Aerospace  Sciences  Meeting,  Paper  No.  AIAA 
91-0368. 

Yang,  V.  and  Culick,  F.  E.  C.  (1987)  “Stochastic 
E.xcitation  of  Acoustic  Waves  in  a  Combustion 
Chamber,"  JANNAF  Combustion  .Meeting. 

Yates,  J.  E.  and  Sandri,  G.  (1976)  “Bernoulli 
Enthalpy:  A  Fundamental  Concept  in  the 
Theory  of  Sound,”  in  Aeroacouslics;  Jet  Noise, 
Combustion,  and  Core  Engine  Noise,  (I.R. 
Schwan,  Ed.),  M.I.T.  Press. 

Zinn,  B.  T.  (1968)  “A  Theoretical  Study  of 
Nonlinear  Combustion  Instabilities  in  Liquid- 
Propellant  Rocket  Engines,”  AIAA  J.,  Vol.  6, 
No.  10,  pp.  1966-1972. 

Zinn,  B.  T.  and  Powell,  E.  A.  (1971)  “Nonlinear  In- 
.stability  in  Liquid-Propellant  Rocket  Engines,” 
Thirteenth  Symposium  (International)  on  Com- 
hustiott,  Proceedings,  pp.  491-503. 


I 


Discussion 


QUESTION  BT:  R.Artaz.  SNECMA,  France 

1.  You  are  introducing  a  parallel  becveen  die  wave  equacion 
of  your  model  and  the  one  of  Lllley.  As  Che  latter  holds 
in  a  free  environment,  how  can  you  Justify  the  comparison 
for  an  application  to  combustion  noise  in  a  confined 
environment? 

2.  To  Chat  effect,  how  do  you  treat  the  limited  aspect 
conditions  of  the  environment? 

AUTHOR'S  RESPONSE: 

1,  My  purpose  has  not  been  to  suggest  that  Che  same  problems 
have  been  solved,  but  only  to  indicate  that  the  basic 
assumptions  are  almost  identical  in  the  two  subjects  of 
combustion  instabilities  and  aerodynamic  noise.  It  le  not 
an  extremely  important  point  nor  does  it  heve  practical 
consequences  (1  Chink) .  I  make  it  only  to  clarify  the 
sort  of  unity  chat  does  exist. 

2.  If  I  understand  your  term  correctly,  you  refer  to  the 
presence  of  Che  bounding  walls  and  Che  exhaust  nozzle. 
Their  influences  appear  mainly  in  Che  forms  chosen  for 
Che  basis  functions  (mode  shapes)  used  in  Che  expansion 
of  the  pressure  field,  and  partly  in  the  boundary 
conditions  applied  Co  the  solution  of  the  problem 
accounting  for  perturbations  of  the  classical  acoustics 
for  a  chamber. 

QUESTION  BT:  J.M.  Seiner,  NASA  Langley,  USA 

Have  you  considered  application  of  bi>speccral  methods  to 
determine  non*linear  relationships  of  your  observed 
fundamental  combustion  modes? 

AUTHOR'S  RESPONSE: 

Ue  have  not.  Although  bi*speccral  methods  might  provide  some 
interesting  information,  I  do  not  believe  chat  they  will  give 
Che  sort  of  results  we  have  sought  in  this  work.  Ue  shall 
investigate  your  suggestion. 
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Abstract 


The  effects  of  rapid  onset  times  and  high 
absolute  sound  pressures  near  military  training 
routes  (MTRs),  including  possible  startle 
effects  and  increased  annoyance  due  to  the 
unpredictable  nature  of  these  flights,  have 
been  of  longstanding  concern.  A  more  recent 
concern  is  the  possibility  of  increased 
annoyance  due  to  low  ambient  noise  levels 
near  military  flight  training  operations  and 
differences  in  expectations  about  noise 
exposure  in  high  and  low  population  density 
areas.  This  paper  describa  progress  in 
developing  audibility-based  methods  for 
predicting  the  annoyance  of  noise  produced  at 
some  distance  from  aircraft  flight  tracks. 
Audibility-based  models  which  take  into 
account  near-ground  acoustic  propagation  and 
ambient  noise  levels  may  be  useful  in  assessing 
environmental  impacts  of  MTRs  and  Military 
Operating  Areas  (MOAs)  under  some 
conditions.  A  prototype  Single  Event 
Annoyance  Prediction  Model  (SEAPM)  has 
been  developed  under  USAF  sponsorship  as 
an  initial  effort  to  address  these  issues,  and 
work  has  progressed  on  a  geographic 
information  system  (GIS)  to  produce 
cartographically  referenced  representations  of 
aircraft  audibility. 


Noise  exposure  contouring  software  was 
developed  under  U.S.  Air  Force  sponsorship 
in  the  early  1970s  (cf.  Galloway  and  Bishop, 
1970;  Calloway,  1974;  Reddingius,  1974)  as  a 
means  of  representing  and  assessing  impacts  of 
aircraft  operations  on  communities  near 
airbases.  Standard  interpretations  of  such 
contours  are  made  in  terms  of  long  term 
residential  habitability  of  neighborhoods 
relatively  close  to  runways,  and  of  the 
compatibility'  of  other  land  uses  with  airbase 
operations.  It  was  recognized  early  in  the 
development  of  these  contour  models  that 
their  construction  and  interpretation  required 
adoption  of  simplifying  assumptions  (e.g.,  no 
ground  propagation  effects  for  differing 
terrain,  no  barriers,  and  standard  weather 
conditions)  for  the  sake  of  manageable 
calculations.  The  U.S.  Air  Force  is  now 
pursuing  research  on  new  modeling 
approaches  to  produce  accurate  noise 
contours  for  aircraft  flying  training  operations 
in  areas  remote  from  airbases,  especially  for 
low-altitude,  high  speed  operations. 

Although  aircraft  noise  contours  can  in 
principle  be  constructed  in  a  variety  of  ways, 
assumptions  underlying  their  use  in  settings  of 
military  interest  have  ^en  tailored  to  the 
orderly  and  predictable  circumstances  of 
airbase  noise  exposure.  These  circumstances 
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airbase  noise  exposure.  These  circumstances 
include: 

1)  relatively  large  and  stable  numbers 
of  approach  and  departure  operations 
by  a  speciflaJle  Heel  mix; 

2)  minor  long  term  variation  in 
numbers  and  types  of  operations;  and 

3)  a  small  number  of  well  defined, 
fixed  flight  patterns  for  airbases. 

It  is  altogether  reasonable  to  draw  contours  of 
long  term  exposure  centered  on  aircraft  flight 
tracks  under  these  circumstances  of  exposure, 
as  the  U.S.  Air  Force  has  been  doing 
successfully  for  two  decades.  Since  flight 
tracks  and  profiles  can  be  specified  with  good 
precision  near  runways,  and  since  airbases  are 
generally  built  on  flat  terrain,  it  is  also 
reasonable  to  assume  that  lines  of  sight  exist 
between  aircraft  and  nearby  residential 
neighborhoods;  that  for  most  practical 
modeling  purposes  the  world  is  flat;  and  that 
long  range  refractive  and  diffractive  acoustic 
propagation  phenomena  may  be  safely 
ignored.  Since  noise  levels  produced  during 
approaches  and  departures  commonly  exceed 
ambient  levels  in  nearby  neighborho^  by  at 
least  20  dB,  it  is  also  reasonable  to  ignore 
ambient  levels  of  neighborhood  noise  around 
airbases.  The  assumptions  used  in 
constructing  conventional  (source-based)  noise 
emission  contoun  guarantee  that  the  resulting 
exposure  contours  decrease  monotonically  in 
level  with  distance  from  airbases. 

In  fact,  these  standard  assumptions  produce 
such  well  behaved  contours  in  airport 
neighborhoods  that  they  are  often  regarded  as 
essential  for  representations  of  environmental 
impacts  of  aircraft  noise.  Furthermore,  the 
assumptions  and  contours  which  they  produce 
have  become  intertwined  with  land  use 
planning  policies  and  widely  accepted 
interpretations  of  exposure  values  in  terms  of 
residential  habitability.  It  is  only  when  needs 


arise  to  graphically  represent  aircraft  noise 
impacts  of  en  route  operations  (by  definition, 
those  occurring  in  areas  remote  from  airbases) 
that  the  utility  of  assumptions  tailored  to 
airbases  merit  le-examinition. 

The  circumstances  of  en  route  noise  exposure, 
particularly  that  produced  along  MTRs  and 
within  MOAs,  differ  markedly  from  those  in 
the  vicinity  of  airbases.  In  contrast  to  the 
regularity,  stability  and  overall  predictability  of 
flight  operations  near  airbases,  aircraft 
operations  in  MTR  and  MOA  environments 
are  often  sparse  in  number  and  quite  variable 
in  altitude,  flight  speed,  aircraft  type,  power 
settings,  and  spatial  and  temporal  distributions. 
Noise  product  in  two  flight  regimes 
(supersonic,  high  altitude  flight  and  high 
submnic  speed,  low  altitude  flight),  although 
absent  from  airbase  environs,  is  common 
within  MOAs  and  along  MTRs.. 

Furthermore,  in  rural  and  remote  areas 
underlying  many  MTRs  and  MOAs,  low 
ambient  noise  levels  permit  aircraft  noise  to 
be  heard  at  great  slant  ranges  by  people 
engaged  in  other  than  residential  activities. 
Additionally,  terrain  may  occlude  lines  of  sight 
between  aircraft  flying  low  altitude  missions 
and  observers  both  near  and  some  distance 
from  flight  tracks.  Populations  affected  by  en 
route  noise  are  not  necessarily  residential 
ones,  may  not  be  familiar  with  the  noise,  and 
are  not  necessarily  exposed  indoors. 

The  net  effect  of  thesj  differences  in 
circumstances  of  noise  exposure  is  to  diminish 
the  applicability  of  standard  assumptions  to 
modeling  of  aircraft  noise  exposure  in  the  en 
route  case.  Three  aspects  of  conventional 
aircraft  noise  exposure  prediction  in  particular 
merit  re-examination  of  their  applicability  to 
the  en  route  case: 

1)  reliance  on  long  term  cumulative 
exposure  metrics  (such  as  DNL)  to 
predict  the  prevalence  of  annoyance 
near  MTRs  and  MOAs; 
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2)  various  approximations  and 
simplifications  made  in  estimating  short 
range  acoustic  propagation  for  low 
altitude  flights;  and 

3)  consideration  of  the  annoyance  of 
relatively  low  level  aircraft  noise  in 
environments  with  even  lower  level 
ambient  noise. 


The  appropriateness  of  integrated  energy 
metrics  of  noise  exposure  as  predictors  of 
annoyance  is  debatable  on  the  grounds  that 
there  is  little  evidence  to  support  application 
of  the  ‘equal  energy  hypothesis*'  to  conditions 
of  exposure  as  sporadic  as  those  experienced 
near  some  MTRs  and  MOAs  (Fidell,  Sneddon 
and  Green,  1990).  Likewise,  noise  level 
predictions  produced  by  standard  contouring 
software,  developed  mainly  for  use  over  short 
slant  ranges  in  flat  terrain,  are  not  sufficiently 
accurate  for  the  case  of  low  altitude,  high 
speed  operations,  because  the  software  is  not 
optimiz^  for  the  case  of  near-ground  (grazing 
incidence)  propagation  over  long  distances  in 
terrain  with  topographic  relief. 

Several  efforts  to  adapt  standard  approaches 
and  assumptions  of  the  airbase  case  to  the  en 
route  case  have  been  made.  In  general, 
software  models  such  as  ROUTEMAP 
(developed  at  the  U.S.  Air  Force  Armstrong 
Aerospace  Medical  Laboratory),  and 
AIRNOISE  (Berry  and  Harris,  1990) 
(developed  at  the  National  Physical 
Laboratory)  retain  a  number  of  assumptions 
and  limitations  similar  to  those  of  software 
intended  for  airbase  use  (e.g.,  NOISEMAP 
and  INM).  For  example,  current  en  route 
models  generally 

1)  predict  exposure  in  units  of  long 
term  cumulative  exposure  which  have 
not  yet  been  validated  in  field  studies 
as  especially  appropriate  for 
circumstances  of  exposure  prevailing 
near  MTRs  and  MOAs; 

/ 

/ 

/ 


2)  require  detailed  knowledge  of  flight 
tracks  and  profiles; 

3)  produce  esiimstrs  of  integrated 
noise  levels  over  relatively  short 
ranges; 

4)  are  insensitive  to  terrain  shielding  of 
low  altitude  flight  noise;  and 

5)  do  not  consider  the  potential 
influences  of  ambient  noise  on 
annoyance. 

Alternative  views  of  the  origins  and 
predictability  of  annoyance  associated  with 
MTR  and  MOA  operations  can  lead  to 
alternative  approaches  to  modeling  MTR  and 
MOA  noise.  For  example,  there  are  reasons 
(such  as  U.S.  Public  Law  100-91)  to  consider 
expanding  the  focus  of  concern  from 
pr^iction  of  long  term  effects  of  regular 
exposure  on  habituated  residential  populations 
to  include  concern  for  shorter  term  ejects  on 
sporadically  exposed  populations.  If  pursued, 
analyses  of  shorter  term  impacts  will,  of 
course,  require  calculation  of  metrics  in 
addition  to  long  term  integrated  noise 
exposure. 

Likewise,  existing  short  range  air-to-ground 
noise  propagation  models  may  not  always 
suffice  in  predicting  noise  exposure  at  all 
points  because  they  rely  on  two  dimensional 
models.  Prediction  of  noise  levels  in 
communities  some  distance  from  MTRs  or 
MOAs,  for  example,  may  require  more 
sophisticated  models  to  produce  credible 
estimates  of  exposure  levels  of  aircraft 
operations  typical  for  these  types  of 
operations.  By  the  same  token,  observer- 
based  rather  than  source-based  contours  may 
be  more  appropriate  in  cases  in  which 
uncertainty  about  flight  track  dispersal  is  too 
great  to  be  usefully  represented  in 
probabilistic  terms.  For  example,  Plotkin  and 
co-workers  (e.g.,  Plotkin,  Sutherland  and 
Molino,  1987)  have  documented  standard 


deviations  of  flight  track  dispersal  on  MTRs  as 
great  as  half  a  mile.  This  degree  of 
uncertainty  about  aircraft  location 
compromises  the  interpretability  of 
conventional  aircraft  noise  contours. 

If  there  is  sufficient  concern  about  effects  of 
aircraft  noise  at  low  sound  pressure  levels  (as, 
for  example,  in  overflights  of  some  parks  and 
wildernesses,  as  well  as  for  low-ambient  noise 
rural  residences),  the  effects  of  the  ambient 
noise  environment  may  be  explicitly 
cxinsidered  by  predicting  aircraft  audibility 
exposure  rather  than  integrated  sound  levels 
alone. 

The  remainder  of  this  presentation 
concentrates  on  the  first  of  these  alternatives  - 
prediction  of  reactions  to  individual  overflights 
at  points  other  than  those  directly  underneath 
flight  paths.  In  a  preliminary  effort  to  address 
the  different  modeling  approaches  that  may  be 
appropriate  to  MTR  and  MOA  environments, 
the  U.S.  Air  Force  Noise  and  Sonic  Boom 
Impact  Technology  program  is  sponsoring 
development  of  a  Single  Event  Annoyance 
Prediction  Model  (SEAPM)  for  assessment  of 
the  annoyance  of  low  altitude,  high  speed  en 
route  flight  on  MTRs  as  heard  some  distance 
to  the  side  of  the  flight  track.  The  model  first 
estimates  the  audibility  of  an  aircraft  noise 
intrusion  by  calculating  its  bandwidth-adjusted 
signal  to  noise  ratio  at  the  observer’s  location, 
and  then  generates  a  prediction  of  annoyance 
via  a  single  event  dosage-effect  relationship 
between  audibility  and  annoyance.  Derivation 
of  this  dosage-effect  relationship  through  a 
meta-analysis  of  laboratory  data  is  described  by 
Fidell,  Hutchings,  Helweg-Larsen,  and  Silvati 
(1990). 

Estimation  of  the  audibility  of  aircraft  noise 
intrusions  is  accomplished  through  acoustic 
propagation  and  detection  algorithms 
developed  over  the  last  two  decades  by  the 
U.S.  Army  Tank-Automotive  Command.  The 
algorithms  contained  in  Version  7  of  the 
Army’s  Acoustic  Detection  Range  Prediction 


Model  (ADRPM)  account  analytically  for 
geometric  spreading  of  acoustic  energy, 
atmospheric  absorption,  barriers,  and  a  variety 
of  refractive  and  diffractive  propagation 
effects.  The  algorithms  estimate  audibility  of 
acoustic  signals  with  reference  to  an  ideal 
energy  detector  operating  within  human 
frequency  analysis  bandwidths.  Users  of  the 
software  may  either  specify  values  of  two 
dozen  propagatbn  and  detection  parameters 
or  accept  general  default  values.  Details  of 
the  model  are  described  by  Hutchings  and 
Fidell  (1990). 

Although  prototype  SEAPM  software 
represents  an  advance  in  the  ability  to  model 
single  noise  esentt  and  predictions  of 
associated  human  annoyance,  its  present 
limitations  include  the  following; 

1)  it  is  based  on  the  ADRPM  model, 
which  continues  to  be  refined  and  improved; 

2)  it  currently  treats  only  ground-to- 
ground  and  near-ground  propagation  effects; 
and 

3)  the  single  event  dosage-response 
relationship  requires  additional  confirmation 
from  further  psycboacoustic  studies. 

Further  research  and  development  efforts  are 
being  contemplated  for  improving  the  SEAPM 
model.  It  is  not  yet  certain  that  the  approach 
adopted  in  SEAPM  will  ultimately  provide 
sufficient  analytic  and  predictive  modeling 
capabilities. 

Computer-based  geoinformation  systems 
provide  a  convenient  means  for  graphically 
and  analytically  representing  audibility-based 
predictions  of  en  route  aircraft  noise  impacts 
(such  as  observer-based  audibility  modeling 
permitted  by  SEAPM).  In  fact,  the  inherent 
cartographic  orientation  of  geoinformation 
systems  is  well  suited  to  several  forms  of 
advanced  modeling  of  near-ground  aircraft 
noise  impacts. 
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Consider,  for  example,  the  representation  of 
aircraft  noise  leveb  shown  in  Figure  1. 
produced  under  a  BBN  Independent  Research 
and  Development  project  The  figure  is  an  30 
km’  orthographic  projection.  The  flight  track 
shown  is  that  of  an  air  tour  operation.  Colors 
encode  10  dB  intervals  of  (bandwidth 
adjusted)  signal  to  noise  ratio  for  an  individual 
overflight.  The  information  shown  was 
developed  over  a  regular  grid  of  100  X  100 
points  separated  by  300  m.  A  simulated 
aircraft  was  "flown"  over  its  flight  track  in  300 
m  increments.  For  each  300  m  increment, 
one-third  octave  band  noise  levels  at  each 
point  of  the  entire  grid  of  10,000  points  were 
recalculated.  Signal-to  noise-ratios  were 
calculated  at  each  point  in  the  grid  and 
manipulated  to  estimate  the  integrated  and 
maximum  audibility  of  the  aircraft  and  time 
above  criterion  levels  for  a  complete  mission. 
Two  effects  account  for  the  structure  apparent 
in  the  figure:  diffraction  of  sound  over  terrain 
features  which  obstruct  lines  of  sight,  and  the 
local  ambient  noise  at  each  point 

One  of  the  advantages  of  performing  these 
calculations  in  a  geoinformation  system  is  the 
ability  to  manipulate  the  resulting  map 
topologically.  For  example,  the  various  panels 
of  Figure  2  show  several  projections  of  this 
map  layer  of  calculated  audibility  values  onto 
terrain  contours.  The  layer  of  audibility 
information  is  first  draped  over  the  terrain, 
and  then  viewed  from  various  perspectives. 

The  resulting  map  is  an  obvious  and 
immediately  understandable  representation  of 
where  aircraft  can  be  heard  to  varying  degrees 
over  very  wide  areas.  Because  of  the  ability  to 
display  this  information  topographically,  its 
great  detail  does  not  interfere  with  its  intuitive 
understanding. 

Figure  3  shows  another  example  of  this 
approach  to  modeling  near-ground  aircraft 
noise  exposure.  The  terrain  in  this  case  is  a 
mountain.  A  helicopter  flight  track  is  shown 
as  a  closed  ellipse  beginning  and  ending  at  a 
heliport.  As  the  helicopter  flies  through  the 


crater  of  the  volcano,  its  noise  emissions  spill 
out  of  the  jagged  rim  along  the  same 
drainages  through  which  lava  flows. 

The  ability  to  represent  aircraft  audibility  as 
shown  in  these  illustrations  permits  efficient 
conduct  of  fine  grained  assessments  of 
environmental  impacts  produced  over  wide 
areas  by  MTR  and  MOA  operations.  Such 
analyses  can  be  of  considerable  interest  to 
both  military  route  planners  and 
environmental  analysts. 
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t.  He  eqiiel  enaj)  hypoUtcM  holdi  that  anaoyaiice  cauted  the  total  eacTgjr  of  aoiae  expoaure.  The  hypoibeiia  predicta,  tor 
oiaiple,  that  people  are  indirrereiu  betweea  the  aanojrance  of  thotl  tena  expoatue  to  naall  auDben  of  hi|h  Icvd  aoiae  intruaiona  and 
loai  tana  expoaure  to  ooiBpeaaalio(l]r  aaoaUer  aueiben  of  lour  level  noiae  iatneioia. 
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Discussion 


QUESTION  BT:  L.V.  IllaCon,  BA*.  UK 

It  Is  dlfficulc  to  nska  good  predictions  over  relatively  flat 
terrains,  but  it  is  even  more  difficult  to  make  predictions 
around  mountains  and  in  valleys.  Have  you,  or  are  you, 
attempting  to  verify  the  accuracy  of  your  model?  Also,  does 
the  model  include  a  correction  for  the  onset  rate? 

AUTHOR'S  RESPONSE: 

An  initial  model  validation  effort  was  conducted  at  the  Grand 
Canyon  National  Park,  where  noise  measurements  were  obtained. 
However,  considerable  additional  validation  will  be  required 
before  new  models  are  approved  for  use  by  the  US  Air  Force. 

At  the  present  time,  no  noise  rise  time  corrections  are 
included.  The  US  Air  Force  is  still  pursuing  research  on  this 
issue.  The  results  of  that  research  will  be  included  in 
future  versions  of  models  being  developed. 

QUESTION  BY:  R.J.  Weston.  Royal  Air  Force.  UK 

Please  will  you  comment  on  the  concept  of  audibility  as  a 
criterion  for  annoyance? 

AUTHOR'S  RESPONSE: 

Audibility  is  being  pursued  as  a  possible  alternative  to  the 
percent  of  persons  ’highly  annoyed’  (l.e.,  the  well-known 
Schultz  Curve")  for  predicting  community  response  to  special 
military  training  flight  operations.  At  the  present  time, 
however,  no  exposure  criterion  exists  for  the  level  of 
audibility  which  would  be  considered  acceptable  versus 
unacceptable.  This  issue  is  planned  as  a  future  research 
topic. 
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SUKfMA&Y 

Thia  paper  deacribea  the  prediction  of  noiae  radiai> 
tion  from  tnpenonic  elliptic  jeta.  The  noiae  ia  aa- 
aociatad  with  the  large  Kale  itmctorea  in  the  jet 
mixing  layer.  Theae  atmetnrea  are  deacribed  aa 
inatability  wavea.  The  local  characteriatica  of  the 
inatability  wavea  arc  determined  from  a  compreaa* 
ible,  linear,  analyaia.  The  jet  mean  velocity  and 
denaity  are  deacribed  in  elliptic  cylindrical  coordi- 
natea.  The  local  eigenaolution  for  the  inatability 
wavea  ia  determined  from  a  finite  difference  aolution 
of  the  non-aeparable  boundary  value  problem.  Thia 
inner  aolution  which  ia  formulated  in  terma  of  the 
method  of  multiple  Kalea  ia  matched  with  the  radi> 
ated  field  uaing  the  method  of  matched  aaymptotic 
expanaiona.  The  form  of  the  fai^field  directivity  ia 
derived.  Predictiona  are  preaented  for  the  noiae  m- 
diation  by  the  aeveral  modea  of  inatability  in  the 
elliptic  jet.  The  radiated  field  ia  not  axiaymmetric 
and  certain  modea  radiate  atrongly  in  the  dirKtiona 
of  the  major  and  minor  axea  of  the  jet.  The  exten* 
tion  of  the  preaent  work  to  other  geometriec  and 
flow  fielda  ia  diKuaaed. 

1  INTKODUCTION 

It  ia  now  generally  Kcepted  that  the  mixing  pro 
ceaa  in  free  ahear  layera,  including  jeta  and  wakea, 
ia  controlled  by  large  Kale  atmeturea.  Theae  atruc* 
turea  engulf  fluid  from  one  tide  of  the  mixing  re¬ 
gion  and  tranaport  thia  nnmixed  fluid  to  the  other 
tide  of  the  ahear  layer.  Thia  Kcounta  for  the  en¬ 
hanced  tranaport  propertiea  of  turbulent  shear 
flowa.  Obaervationa  of  large  Kale  atructurea  have 
been  made  by  Brown  md  Roahko  (Ref.  1)  and 
Winant  and  Browand  (Ref  2),  in  low  speed  flows, 
Lepicovaky  et  al(Ref.  3),  in  moderately  supersonic 
jets,  and  PapamoKhon  and  Roahko  (Ref.  4),  in 
highly  supenonk  shear  layers.  Many  other  inves¬ 
tigations  have  also  observed  large  Kale  coherent 
structures  for  a  variety  of  free  shear  layer  geome¬ 
tries  and  operating  conditions.  - 

If  the  speed  of  the  jet  or  shear  layer  u  sufficiently 
h.igh  the  convection  velocity  of  the  large  Kale  atruc- 
tu^*may  approKh  or  exceed  the  apeed  of  sound  in 


the  ambient  medium.  Under  these  circumstances, 
there  is  a  dirKt  coupling  between  the  flow  field 
characteriatica  of  the  large  structures  and  the  ra¬ 
diated  acoustk  field.  Thia  results  in  intense  noise 
radiation  in  the  downstream  arc  and  has  been  re¬ 
ferred  to  aa  *cddy  Mach  wave  noue.” 

In  the  present  paper  the  large  Kale  atmetnrea  are 
modeled  as  instability  waves.  Measurements  of  the 
local  charKteristics  of  large  Kale  atmeturea  in  ex¬ 
cited  ahear  layers,  Caster  et  aI(Ref.  5),  and  jeta, 
Petenen  and  Samet  (Ref.  6),  have  shown  that  the 
local  variation  in  amplitnde  and  phase  of  the  large 
Kale  stmetttres  acreas  the  shear  layer  are  predkted 
remarkably  well  by  a  linear,  inviMid,  analysis.  It 
is  perhaps  not  surprising  that  flows  that  are  dy- 
namkally  atrongly  unstable  skould  be  dominated 
by  their  primary  instabilities.  FWther  evidence  of 
the  importance  of  the  linear  terms  ia  the  'vortex 
forces*  of  a  turbulent  flow  is  given  in  the  appendix 
to  Morris  et  aI(Ref.  7).  To  Kcount  for  the  effects  of 
flow  divergence  on  the  evolution  of  the  instability 
waves  a  multiple  Kales  analysis  may  be  used. 

Thm  and  Morris  (Ref.  8)  showed  that  the  mul¬ 
tiple  Kales  expansion  breaks  down  at  large  dis¬ 
tances  from  the  edge  of  the  jet  or  shear  layer.  They 
showed  how  the  solution  could  be  continued  into 
the  far  field  using  the  method  of  matched  asymp¬ 
totic  expansions.  Thia  enabled  them  to  calculate 
the  noise  radiated  by  the  instability  waves  or  large 
Kale  atmetures.  Morris  and  Tam  (Ref.  9)  extended 
this  work  to  include  the  noise  radiation  by  insta¬ 
bility  wanres  in  anpersunic  jeta.  Later,  Tam  and 
Burton  (Ref^  10,  11)  extended  the  technique  to 
higher  MKh  numbers  for  shear  layers  and  jets  re¬ 
spectively.  They  showed  how  difficulties  associated 
with  the  caknlation  of  damped  supersonic  instabil¬ 
ity  waves  could  be  overcome. 

When  the  jet  is  operating  off-design  the  interac¬ 
tions  between  the  instability  waves  and  the  nearly 
periodic  shock  cell  atmeture  of  the  jet  results  in 
broadband  shock  associated  noise  and,  when  a  feed¬ 
back  loop  is  established,  Kreech.  The  prediction 
of  these  noiae  components  requires  the  calculation 


of  both  th«  iiutability  wnrei  and  th«  i hock  c«U 
•tnictiin.  Ihm  and  Tanna  (Ref.  12)  ehowed  how 
a  fimple  model  may  be  developed  for  the  thock  cell 
itructare.  Tam  (Ref.  13)  naed  thia  model  in  hia 
theory  of  ahock  aaaociated  noiae. 

All  the  preceding  calculationa  have  conaidered  cir> 
cnlar  jeta  only.  Few  calcnlationa  have  been  pet^ 
formed  for  non-circvlar  jeta.  Thia  ia  due  to  the 
difficnltiea  in  the  aolntion  of  th*  non-  aeparable 
boandary  value  problem  for  the  characteria- 
tica  of  the  inatability  wavea.  Morria  et  a/(Ref.  14) 
naed  the  boandary  element  technique  to  predict  the 
thock  cell  atructnre  in  non-circular  jeta.  Bhat  et 
af(Ref.  15)  extended  thia  analyaia  to  include  the 
effecta  of  Snite  ahear  layer  thickneaa  and  the  disai- 
pative  effecta  of  the  mixing  layer  turbulence.  The 
characteriatica  of  inatability  wavea  in  elliptic  and 
rectangular  jeta  were  calculated  by  Baty  (Ref.  18) 
and  Baty  and  Morria  (Ref.  17),  through  the  uae  of 
a  hybrid  finite  difference/peeudoepectral  technique. 

In  the  preaent  paper  the  noiae  radiation  from  the 
inatability  wavea  of  a  anperaonie  elliptic  jet  ia  pre¬ 
dicted.  In  the  next  aection  the  model  equationa 
are  developed  and  the  numerical  methoda  are  do- 
acribed.  Reaulta  for  the  inatability  wave  develop¬ 
ment  and  their  radiated  noiae  are  then  preaented. 
Finally,  the  exteiuion  of  the  preaent  work  to  jeta 
with  other  geometriea  and  operating  conditiona  ia 
deacribed. 

3  ANALYSIS  AND  COMPUTATIONS 

In  thia  aection  the  equationa  deacribing  the  devel¬ 
opment  of  the  inatability  wavea  in  an  elliptic  jet  are 
given.  The  form  of  the  outer  aolution  for  the  radi¬ 
ated  noiae  ia  alao  developed.  The  matching  between 
theaa  two  aolntiona  ia  then  deacribed.  Thia  leada  to 
an  expreaaion  for  the  far-field  directivity.  Finally, 
the  numerical  aolution  techniquea  for  the  inner  ao. 
Intion  ia  given. 

3.1  The  laaer  Solution 

Conaider  the  development  of  an  iiutability  wave  of 
fixed  real  frequency  w  in  a  jet  iaaoing  from  an  el¬ 
liptic  noiale.  The  jet  ia  aaaumed  to  be  operating 
at  ita  deaign  condition  and  the  mean  atatic  prea- 
aure  ia  aaaumed  to  be  conatant.  The  inatability 
wave  ia  deacribed  by  the  compreaaible,  inviacid,  lin- 
eariaed  equationa  of  motion.  Theae  equationa  are 
non-dimensionalised  with  reapect  to  the  jet  exit 
radiua,  velocity,  denaity,  and  I  .mperature.  The  lin- 
eariaed  equationa  of  continuity,  momentum,  energy, 
and  atate,  written  in  Carteaian  tensor  form,  may  be 


rearranged  to  give, 


fa  a  dOy  1  ,  ^“y  do  , 
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where,  the  overbar  denotea  a  time-averaged  quan¬ 
tity  and  a  prime  denotea  a  fluctuation  about  the 
mean.  Mf  in  the  jet  exit  Mach  number. 


Now  we  oeek  a  aolntion  for  a  flow  in  which  the 
mean  axial  velocity  variea  alowly  with  downatream 
diatance.  The  mean  velocity  componenta  are  then 
written  aa, 


0  =  (<£f (i,  y,  a)  ,  tV (x,  y,  a)  ,  IF (x,  y,  a)),  (2.4) 


where. 


a -ex. 


(2.5) 


and  c  ia  a  meaanre  of  the  rate  of  apread  of  the  jet 
mixing  layer.  The  a  axia  coincidea  with  the  jet  cen¬ 
terline. 


The  method  of  multiple  acalee  may  be  need  to  ex¬ 
tend  a  aimple  aeriea  approximation  for  the  fluctuat¬ 
ing  componenta  m  the  axial  direction,  iii  thia  p;per 
we  outline  thia  procedure  but  the  algebraic  detaila 
are  not  provided.  Thia  ia  for  two  reaoona.  Firatly, 
the  algebraic  detaila  are  extremely  lengthy.  Sec¬ 
ondly,  the  technique  ia  only  naed  to  derive  the  cor¬ 
rect  matching  between  the  inner  flow  aolntion  and 
the  outer  aconatic  aolution.  In  the  preaent  calculi 
tiona,  the  inner  aolution  haa  been  obtained  aaanm- 
ing  that  the  flow  divergence  coirectiona  are  email. 
Thia  ahonld  be  a  reaaonable  approximation  for  high 
apeed  jeta  in  which  the  jet  apreading  rate  ia  very 
amolL 

We  aeek  aolutiona  of  the  form. 


f^'\ 

tr 

w* 

P' 


/'«*n(*.y,a)'V 

«'f.(*iy.*) 

U't.ji.v.a) 

p»(*.y.«) 

V  Pi.(*i  V,  a)  / 


$(a)  ia  a  phaae  function  auch  that, 
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ds 
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where,  a(«)  it  the  slowly  varying  axial  wavenum¬ 
ber. 
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If  aolntioii*  of  th«  form  (2.0)  ar«  subitituUd  into 
eqns.  (2.1>2.3),  and  th«  reanltini  equation*  are 
grouped  bjr  poerere  of  c,  the  aerotk-order  equation 
i*  found  to  take  the  form, 

VIpo  +  /lO>[Vj.(l/^na)I  IVxPol- 

(a*-/lfl*A/;]po-0.  *•' 

wkere, 

Qmu-aW.  (2.10) 

Thia  form  of  the  compre**ible  Rayleigh  equation  is 
readily  transformed  into  any  appropriate  coordi¬ 
nate  system  in  the  normal  plane. 

In  the  present  case  it  is  convenient  to  introduce 
elliptic,  cylindrical  coordinates  with, 

a  w  aeoshucoev,  y  »  asinhucinv,  a  »  s.  (2.11) 

Then,  in  elliptic,  cylindrical  coordinates,  eqn.  (2.8) 
may  be  written. 


with  boundary  conditions, 

f  is  bennded  as  u  -•  0  and  oe.  (2-17) 

Jnat  outside  the  jet  flow,  for  u  >  Um,  the  coeiS- 
cknta  of  eqn.  (2.10)  are  constant  and  a  separable 
solution  mqr  be  obtained.  If  a  solution  is  sought  of 
the  form. 


t  -  ii(«)r(v), 

(2.18) 

it  is  readily  shown  that, 

^.b[A-2geo.(2o)ir  -  0, 

(2.19) 

and 

iPR 

|jJ-(A-2gcodi(2«)lR  -  0. 

(2.20) 

where, 

*  ■  -y(a’ -  Po.A//(P*]. 

(2.21) 

Pee  is  ^he  mean  density  outside  the  jet  flow.  Equa¬ 
tions  (2.19)  sad  (2.20)  are  the  Mathien  equation 
and  modifisd  Mathien  equation  respectively.  A  is 
the  s*(  jration  constant.  Thus  the  general  forms  of 
solution  ontaid*  the  jet  may  be  written, 


i  av~ 

^(co*h(2u)  -  co*(2«)|(a’  -  —  0. 


(2.12) 


To  order  «  a  set  of  inhomogeneous  equations  for 
the  fluctuations  ui,  vi,  wi,  pi,  and  pt  may  be  ob¬ 
tained.  The  right-hand  side*  of  these  equations  are 
function*  of  the  seroth-order  solution*.  These  equa¬ 
tions  may  be  reduced  to  a  single  inhomogeneous 
equation  for  pi  in  the  form. 


il(Pi)  =  Xi.  (2-13) 


wkere  xi  contains  derivatives  of  po  with  respect 
to  *,  tt,  and  «,  3S  well  as  terms  involving  da/dt. 

It  may  be  shown  that  the  form  of  the  higher  order 
equations  may  be  reduced  to, 

^(P..)  =  Xi%{«‘,»,*).  n=  1,2,3...  (2.14) 


The  form  of  the  seroth-order  solution  is  taken  to 
be, 

Po(«,»,»)  =  do(*)f(a,v,*).  (2.15) 

Then,  from  eqn.  (2.12),  f(u,v,s)  satisfies, 

£(f)  -  0,  (2.16) 


f(u,*,*)  »  52  ^a«+^*,*+,(o,g)M4!i+^(tt,g), 

■laO 


P 


0, 


1, 

(2.22) 


■•aO 

p-O,  1. 

(2.23) 

If  p  s  0  the  solutions  have  period  w  and  if  p  =>  1 
the  solution*  have  period  2x.  Solutions  of  the  form 
(2.22)  are  even  about  v  »  0  and  solutions  of  the 
form  (2.23)  are  odd  about  v^O.  ce3m.»-s(v,g)  and 
*esm.fs(v,  g)  at*  the  even  sad  odd  Mathiau  func¬ 
tions  respectively.  M«4^+,(u,g)  and  M4^i+p(ti,g) 
are  the  even  and  odd  modified  Mathieu-Hankel 
functions  respectively.  The  notation  of  Abramowits 
and  Stegun  (Ref.  18)  has  been  used.  Additional  in- 
formatbn  alwnt  the  definitions  and  evaluation  of 
these  functions  is  given  by  McLachlaa  (Ref.  19). 

Since  the  value  of  q  varies  with  downstream  dis¬ 
tance  it  is  convenient  to  express  the  Mathien  func¬ 
tions  in  eqns.  (2.22)  and  (2.23)  by  their  series  ex¬ 
pansions, 

90 

ceim-f *{«.«)  =  51  ^*s“m+ri'®*l(2»»  +  p)«l.  P  =■  0. 

nmO 

(2.24) 


and 


=-  ^^?3"m+,|*“((2n+pH.  P  =  0.  *• 


f»«0 


(2.2S) 

Thu,  th«  normal  modea  of  aolntion  fniit(u, «, «) 
may  b«  written,  for  example. 


fi.«(u,«,e)  ~eoe((2»  +  p)«jM4^^.,(u,5),  (2.26) 
with, 

fK*.*)  "  ]C  51  ^am+V»«.  P”0.  1-  (2-22) 

IMBOfAaO 


As  A  normAlisAtioa  condition  that  most  be  specified 
for  the  local  linear  aolntiou  the  largeet  coefficient 
of  it  Mt  equal  to  nnity. 

A  timilar  aolntion  may  be  obtained  for  f  (u,  v,  a) 
clou  to  the  jet  centerline.  Theae  aolntiou  aerre  u 
the  boundary  conditiou  for  a  numerical  aolntiou 
of  eqn.  (2.12)  in  the  jet  ahear  layer.  Eigenaolntiou 
may  be  obtained  to  thia  problem.  The  numerical 
procedure  ia  deacribed  in  aection  2.4  below. 

In  order  for  a  aolntion  to  exiat  to  eqn.  (2.13)  it 
muat  aatiafy  a  aolvability  condition;  that  ia,  the 
inhomogeneou  terma  are  orthogonal  to  every  ao> 
lution  of  the  adjoint  problem.  Thia  reqnirea  that. 


ifrXi  dvdu  = 


0, 


(2.28) 


where,  ^(a,  u,  v)  ia  a  aolntion  of  the  adjoint  hom^ 
geneou  equation.  It  ia  readily  ahown  that. 


lfr(u,»,a)  =  f(u,u,a)/^*.  (2.29) 


Equation  (2.28),  the  aolvability  condition,  then 
leada  to  an  ordinary  differential  equation  for  /4o(*) 
in  the  form, 

/i  +  /jAo  =  0,  (2.30) 

where  /i  and  Ij  are  integrala  with  reepect  to  w 
and  V.  All  the  terma  in  the  integrand  are  known 
M  fnnctiou  of  f  except  for  df /da  and  da/di. 

Theae  terma  may  be  obtained  by  differentiation  of 
eqn.  (2.16)  with  reapect  to  a.  Thia  leada  to. 


eqnatian  for  da/da.  The  inhomogeneou  eqn.  (2.31) 
may  then  be  aolved  directly  for  df/da. 

Theu  calcnlatiou  determine  completely  the  inner 
aolntion  to  order  aero.  A  aimilar  procedure  may  be 
need  to  6nd  the  higher  order  terma  in  the  aeriea  for 
the  preunre  fluctnation.  However,  Tam  and  Morria 
(Ref..  8)  ahoared  that  thia  expauion  faila  far  from 
the  region  of  mean  ahear.  Thia  coutitntea  a  ain- 
gular  perturbation  problem  that  may  be  aolved  ua- 
ing  the  method  of  matched  aaymptotic  expauiou. 
Thia  enablea  the  inner  aolntion  to  be  matched  with 
the  onter  ‘acoutic*  aolntion.  Thia  outer  aolntion  ia 
determined  in  the  next  aection. 

3.3  Tho  Outer  Solution 

In  the  region  u  >>  Um  the  mean  velocity  compo- 
nenta  are  aero  and  the  preaanre  fluctuation  aatia* 
flea  the  wave  equation  in  elliptic  cylindrical  coor> 
dinatea.  If  a  time  dependent  behavior  of  the  form 
exp(— iwt)  ia  aaanmed  the  preaanre  perturbation 
p(a,  u,  v)  may  be  ahown  to  aatiafy  the  equation, 

d»p  _ 2 _ 

da*'*'o*(coeh(2u)  —  coe(2v)|  ^ 

Define  the  Fourier  tranaform  pair, 

P(*)  =  P(ifc)«’**difc. 

Then  the  equation  for  P[k)  ia  found  to  be, 

d»P  d»P 
du*  dip 

2 

y[cMh(2u)  -  coa(2u)](fc®  -  Af*u*]P  =  0. 

(2.35) 

Thia  ia  identical  to  eqn.  (2.12)  for  aero  mean  ve¬ 
locity  and  with  a  replaced  by  k.  Thu  the  general 
forma  of  aolntion  are  identical  to  equ.  (2.22)  and 
(2.23).  The  unknown  coefficienta  may  be  obtained 
by  matching  thia  outer  aolution  with  the  inner  so¬ 
lution.  Thu  the  outer  solution  may  be  written,  for 
even  modes  only. 


(2.32) 

(2.33) 

(2.34) 


C{ai/a»]  =  hi{da/d»)  +  h2,  (2.31) 

where  Ai  and  Ag  are  functions  of  {.  Application  of 
the  solvability  condition  to  thia  equation,  equiva¬ 
lent  to  eqn.  (2.28),  leada  to  an  ordinary  differential 


P(tt,  v;  h)  =  X)  ‘^2m+p(<')  co*[(2n  +  p)«lx 

n«0  msO 

MeliJi+p(u,  q),  p  =  0,  1, 


(2.36) 


A]w,  (lur.  19),  if 


(2.37) 

Finally,  tht  preware  oateide  tke  jet  flow  may  be 
written, 

p(ma,.,0w  P  (2.38) 


2.8  Anymptotie  Matching  and  tha  Far  Field 
SohitSon 

Tam  and  Mania  (Ref..  8)  and  Tam  and  Barton 
(ReCa  10, 11)  thowed,  for  a  two-dimeneional  shear 
layer  and  a  etrenlar  jet,  that  the  lowest  order  a]^ 
proxinution  in  powers  of  € 
to  the  Foarier  transform  of  the  etreamwiae  vari¬ 
ation  in  ampEtnde  and  phase  of  the  seroth-order 
inner  aolation.  That  is, 

“  s/"  (2-39) 

For  caws  in  which  the  nentral  eolations  for  the  in¬ 
stability  waves  have  a  sabeonie  phase  velocity  the 
method  of  Tam  and  Morris  (Ref..  8)  mqr  be  need. 
The  more  general  analysis,  that  is  vaUd  at  higher 
jet  Mach  anmbers  and  temperatnrw  is  given  by 
Tam  and  Barton  (Ref.s.  10,  11).  In  the  latter  case 
the  inner  and  oater  eolations  most  be  matched 
throngh  an  intermediate  expansion.  The  exten¬ 
sion  of  the  details  of  this  analysis  for  a  circalar  jet 
to  the  prwent  case  of  an  elliptic  jet  is  beyond  the 
scope  of  the  present  paper.  However,  it  shoold  be 
noted  that  the  onter  eolations  in  the  present  ewe 
coaid  be  represented  in  terms  of  Hankel  fonctions 
and  the  matching  procedure  would  then  follow 
thehr  analysis  exactly. 

The  evaluation  of  the  prewore  field  outside  the  jet 
may  now  be  accomplished  using  eqns.  (2.38)  and 
(2.38).  Fast  Foarier  transforms  may  be  osed  to 
determine  (h)  from  eqn.  (2.39)  and  in  the 

evaluation  of  eqn.  (2.38).  This  providw  the  fall 
throe-dimensional  prewars  field.  However,  it  is  con¬ 
venient  and  oaefol  to  examine  the  far  field  soand 
prewnrw.  First  we  introduce  spherical  pots*  coor^ 
dinatw  with, 

x  3B  Asinxcosd,  y  =*  Rsinysind,  *  ^  Rcosx. 

(2.80) 

Now,  as  u  — »  00, 

os” -*  A  din  X  and  V —»  d-  (3-81) 


Mc2U(-.?)  -  (2.43) 


(2.88) 

Hers,  ^  ^**^8  coefficient  in  the  seriw 

reptoseatitiisi  of  the  Mathien  function  given  by 
eqn.  (2.28).  Aom  eqns.  (2.37),  (2.81),  and  (2.82)  it 

can  bit  assn  that, 

iswa(h)Asinx.  (2.85) 


(2.86) 

Thus,  for  w  -*  oo, 

P(«.X.#.t)  -EE  co.((2n  -t-p)dle-“‘-'/*X 


iwXR  sin  x 


exp{t(aA  sin  X  +  *A  eos  x)| 


Now  the  integral  in  eqn.  (2.87)  may  be  evalaated 
osing  the  method  of  stationary  phase.  The  station¬ 
ary  point  is  found  to  be, 

**  “P«’Af,'vcosx,  (2.88] 

and  tbs  far  field  prwsnre  is  given  by, 

p(«.x,d,*)  -  5  E  E  «'»l(2«  +  p)d|x 

C5:1;;(*.)P9».+s(7.)x 
expfip^^JIfjwA  —  iut  +  »>/2), 


9$  -  9(k,}  =  sin*  x-  (2.50) 

It  should  be  noted  that  for  x  0  or  x,  q,  -»  0 
so  that  w  />  1  and  the  asymptotic  form  of  the 
modified  Mathkn-Hankel  functions,  eqn.  (2.83),  are 
not  valid. 


20-6 


Eqaationa  (2.48)  «nd  (2.49)  «how  that  th«  far  field 
•oand  radiation  at  a  given  frequency  ia  aaaociated 
with  the  component  of  the  near  field  wavenumber 
epectrum  that  givee  a  phaM  velocity  in  a  direction 
X  equal  to  the  ambient  tpced  of  sound. 

Following  Tam  and  Burton  (Ref.  11)  we  may  define 
a  far  field  directivity  function  as  the  sound  power 
radiated  per  unit  solid  angle.  This  may  be  written, 

D(x,mf>)L^Mi  =  ^<P>’ 

MatO  maiO 

(2.51) 

Similar  expressions  may  be  derived  for  the  odd  so¬ 
lutions. 


solutions  satisfy  the  boundedness  condition  as 
tt  ->  0.  Similar  solutions  valid  in  the  region  outside 
the  jet  were  derived  in  section  2.1  and  are  given  by 
eqns.  (2.22)  and  (2.23). 

If  the  mean  flow  possesses  symmetry  about  any 
lines  in  the  cross-sectional  plane,  then  the  solution 
need  only  be  obtained  in  a  limited  sector.  In  the 
present  case,  the  mean  flow  is  assumed  to  be  sym¬ 
metric  about  both  the  major  and  minor  axes  and 
the  computation  is  restricted  to  one  quadrant  only. 
This  necessitates  the  specification  of  the  bound¬ 
ary  conditions  along  the  two  bounding  lines  of  the 
sheer  layer.  Along  these  two  lines,  the  conditions 
that  f  w  0  if  the  fluctuation  is  odd  about  an  axis 
and  that  d(/dv  «  0  if  the  fluctuation  is  even  about 
an  axis  are  used. 


3.4  Ntunerienl  Solution 

The  compressible  Rayleigh  equation  in  elliptic 
cylindrical  coordinates,  eqn.  (2.12),  must  be  solved 
numerically  in  the  shear  layer  to  obtain  the  axial 
evolution  of  the  pressure  fluctuation.  In  order  to 
obtain  the  numerical  solution,  the  solution  of  the 
governing  equation  in  the  regions  of  constant  mean 
flow  properties  at  the  inner  and  outer  edges  of  the 
jet  shear  layer  must  be  obtained.  As  described  in 
section  2.1,  in  these  regions,  a  separable  solution 
may  be  obtained.  If  a  solution  is  sought  of  the 
form  given  by  equation  (2.18),  the  equations  for 
T(v)  and  /{(u)  reduces  to  the  form  given  by  equa¬ 
tions  (2.19)  and  (2.20)  respectively.  However,  in 
the  potential  core  of  the  jet, 

«=  -“)’!•  (2-52) 

Thus  the  general  forms  of  the  even  and  the  odd 
solutions  in  the  potential  core  may  be  written. 


00  00 

cos((2n p)v|x 
Cej«+,(u,g),  p  =  0,l. 


(2.53) 


and. 


?(“.«.»)  =  H  ^am+js'“((2n  +  p)«|x 

8»s0  m«0 

Sej«+p(u,?),  p  =  0, 1. 


(2.54) 


Once  again,  if  p  =:  0  the  solutions  have  period 
r  and  if  p  1  the  solutions  have  period  2x. 
Ce3m.t.,(u,  g)  and  Se3„.f p(u,  q]  are  the  even  and 
odd  modified  Mathieu  functions  respectively.  These 


In  order  to  compute  the  axial  evolution  of  the  pres¬ 
sure  fluctuation  associated  with  an  instability  wave 
of  a  fixed  frequeucy  or  Strouhal  number  and  mode 
type,  the  first  step  ia  to  calculate  the  local  eigen¬ 
value;  the  complex  wavenumber  a.  In  the  shear 
layer,  the  eigenvalues  are  obtained  numerically  us¬ 
ing  a  variable  step-sise  Runge-Kutta  scheme.  The 
shear  layer  is  divided  into  M  lines  of  constant  v. 
The  derivatives  with  respect  to  v  in  eqn.  (2.16) 
are  approximated  by  a  three-point  central  differ¬ 
ence  formula.  The  governing  equation  may  then  be 
written  as  an  ordinary  differential  equation  in  u. 
The  forms  of  solutions  given  by  eqns.  (2.42)-(2.43) 
and  (2.22)-(2.23)  provide  the  starting  conditions 
for  the  numerical  integration.  Fur  a  given  value  of 
frequency  and  a  guessed  value  for  the  wsnrenum- 
ber,  the  numerical  solution  is  started  at  the  inner 
boundary  with  one  term  from  the  finite  series.  The 
integration  ia  repeated  using  each  term  in  the  se¬ 
ries  as  the  starting  solution  and  is  carried  out  to 
some  intermediate  location  in  the  jet  shear  layer. 

A  corresponding  term  from  the  series  for  the  outer 
solution  is  then  used  to  integrate  the  differential 
equation  inward  to  the  same  location.  The  totU 
number  of  terms  in  the  series  solutions  is  from 
m  w  0  to  M  and,  n  =  0  to  AT.  In  the  present 
calculations  the  maximum  values  of  Af  and  AT  were 
6  and  10  respectively.The  integrated  solutions  are 
matched  at  the  intermediate  location.  This  leads  to 
system  of  homogeneous  equations  for  the  unknown 
coefficients.  For  this  system  of  equations  to  have 
nontrivial  solurion,  the  determinant  of  the  coeffi¬ 
cient  matrix  should  be  sero.  The  axial  wavenum¬ 
bers,  a,  that  are  the  eigenvalues  of  the  problem, 
are  then  obtained  in  an  iterative  fashion  by  finding 
the  seroes  of  the  determinant  of  the  matrix  using  a 
Newton- Raphson  scheme. 


/' 


The  technique  deeeribed  above  ia  naed  to  determine 
the  axial  wavenumber  aa  a  function  of  downatream 
diatacce.  In  recioB*  anfficiently  far  downatream 
from  the  jet  exit,  the  inatability  wave  ia  no  longer 
growing  and  ia  damped.  For  damped  wavea,  the 
numerical  integration  acheme  haa  to  be  modified. 
The  integration  contour  muat  be  deformed  around 
the  critical  point  u  a;  u,,  where  w  —  a(V(tic)  =  0, 
aee  Tam  and  Morria  (Ref.  8),  ao  aa  to  obtain  the 
correct  aolution  for  inviacid  damped  wxvea. 

The  eigenfnnctiona  or  the  coefficienta  of  the  atart- 
ing  aolntiona  are  determined  next.  The  integration 
procedure  ia  repeated  naing  the  computed  eigen¬ 
value.  Once  again,  the  variable  atep-aiae  integration 
acheme  with  the  contour  deformation  (for  damped 
wavea)  ia  naed.  The  eigenvector  of  the  aet  of  homo- 
geneona  aimnltaneona  eqnationa  ia  then  obtained 
with  an  inverse  iteration  technique.  The  coefficienta 
may  then  be  evaluated  at  each  axial  loca>- 
tion.  There  coefficienta  are  then  naed  in  conjunc¬ 
tion  with  the  axial  variation  of  the  wavenumber 
to  determine  the  axial  variation  in  amplitude  and 
phaae  of  the  inatability  wave. 

In  the  preaent  calcnlationa,  aa  indicated  above, 
we  have  not  performed  a  complete  multiple  acalea 
analyaia  for  the  inner  aolution.  At  high  Mach  num¬ 
ber*  the  rata  of  apread  of  the  jet  ia  very  alow.  Thna 
it  ia  aaanmed  her*  that  the  locally-parallel  flow  ao. 
Intion  will  give  a  reaaonabl*  approximation  to  the 
full  diverging  flow  solution.  Thus,  in  eqn.  (2.39), 

Ao(**)  =  (2-55) 

and, 

tf(<a)/<  =  f  a  (a)  da.  (2.Sfl) 

The  far.field  directivity  associated  with  aa  instabil¬ 
ity  wav*  ia  calculated  by  first  computing  the  com¬ 
plex  wavenumber  spectrum  of  the  pressure  fluctu¬ 
ation.  The  wavenumber  spectrum  is  given  by  the 
eqn.  (2.39)  and  ia  calculated  with  a  fast  Fourier 
transform.  In  the  present  calculations  1024  points 
were  used  in  the  range  —51.2  <  a  <  51.2.  This 
gives  a  step  sis*  of  0.061  in  the  wavenumber  apace. 
The  far  field  directivity  is  then  obtained  from  eqn. 
(2.49).  Calcnlationa  of  the  wavenumber  spectrum 
and  the  far  field  associated  with  different  instabil¬ 
ity  waves  of  the  elliptic  jet  are  given  in  the  next 
section. 

8  CALCULATIONS 

In  this  section  we  first  define  the  mean  velocity  and 
density  profiles  in  the  jet.  The  local  instability 


characteriatica  of  the  elliptic  jet  instability  wave* 
are  then  presented.  The  wavenumber  spectra  a^ 
sociated  with  the  axial  evolution  of  these  wave*  is 
then  described.  Finally,  the  three-dimensional  far 
field  directivity  for  each  mod*  is  given. 

8.1  Definition  of  the  mean  fiow  profiles 

In  the  present  calculations  a  simple  representation 
of  the  mean  velocity  profiles  has  been  chosen  such 
that  the  axial  velocity  is  a  function  of  u  only.  It 
takes  the  form, 

where, 

_  _  «M»l>(“)-«»°h(up)  ,  . 

^  *inh(tta)-*inh(ttp)’  '  ' 

Her*,  and  ua  are  the  values  of  u  at  the  edge  of 
the  potential  cor*  and  the  half  velocity  point  re* 
spectively.  Their  values  were  obtained  from  the 
experimental  data  obtained  at  NASA  Langley  Re¬ 
search  Center  by  J.  M.  Seiner  and  M.  K.  Pontoh 
tor  an  elliptic  jet  with  aspect  ratio  2  and  a  design 
Mach  number  of  1.5.  The  values  were  selected  anch 
that  and  ua  matched  the  experimental  value* 
on  the  jet  minor  axis.  Their  values  are  given  in  Ta¬ 
ble  I.  The  outer  edge  of  the  jet  shear  layer  U„  was 
chosen  such  that  (F(uin)  =■  0.0001.  Figure  1  shows 
two  section*  through  the  jet  at  different  axial  lo¬ 
cation*  showing  the  u^,  ua  and  tim  contour*.  In 
Table  I  ia  the  length  of  the  potential  core  with 
a  measured  value  of  lO.lry.  Here,  ry  is  the  equiva¬ 
lent  radius  of  the  elliptic  jet  based  on  its  exit  area. 
We  is  the  jet  centerline  velocity.  FVom  the  Table  it 
should  be  noted  that  downstream  of  the  end  of  the 
potential  core  the  mean  velocity  is  assumed  to  be 
constant  for  very  small  value*  of  u.  This  assump¬ 
tion  allows  the  asymptotic  solutions  (2.53)  and 
(2.52)  to  be  used  near  the  centerline  of  the  jet.  A 
series  solution  could  be  performed  to  allow  a  more 
realistic  description  of  the  mean  velocity  profile 
downstream  of  the  end  of  the  potential  core. 
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tta 

We 

0.25 

0.418 

0.637 

1.0 

0.50 

0.300 

0.677 

1.0 

0.75 

0.203 

0.699 

1.0 

1.00 

0.117 

0.737 

1.0 

1.50 

0.050 

0.805 

0.929 

2.00 

0.050 

0.939 

0.836 

Table  1  Parameters  defining  mean  velocity  profile 
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Fif.  1  Mesa  velocity  ia  elliptic  jet  at  (a)  x/z«  ^ 
0.28  and  (b)  x/x«  >  0.75 

In  tbe  preaent  calculations  the  jet  is  sssnmed  to  be 
isothermal  and  the  jet  mean  density  is  constant. 
This  constraint  may  be  relaxed  and  the  Crocc»- 
Bnsemaaa  formnla  may  be  need  to  determine  the 
relationship  between  the  mean  density  and  the  Jet 
axial  velocity. 

S.a  Instability  wave  enkulations 

Calcnlatioos  have  been  performed  for  two  types  of 
instability  wave.  The  fint  ii  even  about  both  the 
major  and  minor  axes  and  will  be  referred  to  as  the 
*vsricoee*  mode.  This  mode  ia  equivalent  to  the 
axisymmetrvc  mode  in  the  circular  jet  case.  It  is 
characterised  by  a  coa(2mv)  variation.  The  second 
instability  wave  is  odd  about  the  major  axis  and 
even  about  the  minor  axis.  This  will  be  referred 
to  as  the  'flapping*  mode.  It  is  characterised  by  a 
sin((2m  4-  l)v|  variation.  Most  of  the  calculations 
are  for  a  Strouhal  number  St  of  0.2  though  calcn- 
lationa  have  been  performed  for  the  varicose  mode 
at  5t  a  0.4.  We  have  performed  only  a  few  caicula* 
tiona.  f\irther  calculations  will  be  performed  when 
experimental  data  becomes  available  to  verify  the 
calculations. 

Figures  2  and  3  show  the  axial  variation  in 
the  axial  growth  rate  —a{  and  the  phase  velocity 
e  =  u/a,  for  the  varicose  mode.  The  lower  fre> 
quency  wave  grows  for  most  of  the  potential  core 
length  and  then  decays  rapidly  downstream  of  the 
end  of  the  potential  core.  The  higher  frequency 
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Axial  distance,  z/ry 

Fig.  2  Variation  of  axial  growth  rate  with  axial 

distance.  Varicose  mode.  - ,  St  ^  0.2, - ,  St  ^ 

0.4.  My  =  1.5,  =  1. 


Fig.  3  Variation  of  phase  velocity  with  axial  dis> 

tance.  Varicose  mode.  - ,  St  =■  0.2, - — ,  St  *  0.4. 

My  -  1.5,  p„  -  1. 

wave  is  initially  faster  growing  but  reaches  its  neu* 
tral  point  closer  to  the  jet  exit.  In  the  potential 
core  region  both  modes  have  an  average  phase  ve¬ 
locity  of  approximately  0.8.  Downstream  of  tbe 
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end  of  the  potentinl  core  the  St  «  0.2  wsve  ex¬ 
hibit*  »  rapid  decreaae  in  ita  phaae  velocity.  Thia 
ia  far  greater  than  the  rata  of  decay  of  the  center^ 
line  velocity.  It  ia  poaaible  that  thia  may  not  be  a 
phyaically  correct  result  due  to  the  rather  crude  de¬ 
scription  being  used  for  the  mean  velocity  profile. 
The  corresponding  results  for  the  flapping  mode  are 
shown  in  fig.  4  for  St  =*  0.2.  This  mode  is  initially 
more  unstable  than  the  varieo**  mode  but  starts 
to  decay  much  closer  to  the  jet  exit.  Thus  it  never 
achieves  the  same  amplitudes  as  the  varicose  mode. 
We  had  expected  that  thia  mode  might  be  domi¬ 
nant  at  these  operating  conditions  as  flow  visualiiap 
tion  studies  at  NASA  Langley  Research  Center  had 
shown  that  the  jet  did  exhibit  a  flapping  behavicxr. 
However,  this  was  most  evident  when  the  jet  was 
operating  off  design.  However,  the  near  field  micro¬ 
phone  measurements  by  Baty  et  ai(Ref.  20)  showed 
that  for  a  jet  operating  on  design  the  varicose  mode 
was  dominant.  This  ia  consistent  with  the  present 
calculations. 


Fig.  4  Variation  of  axial  growth  rate  and  phase 
velocity  with  axial  distance.  Flapping  mode.  St  —  0.2, 
My  =i  1.5,  Peo  =■  1- 


The  amplitude  of  the  wavenumber  spectrum 
Cq  foe  the  varicose  mode  and  St  ^  0.2  is  shown  in 
fig.  5.  It  is  found  that  the  amplitude  of  thia  com¬ 
ponent  of  the  series  representation  of  the  eigen- 
solution  is  dominant.  The  peak  in  the  spectrum 
occurs  at  a  =  0.95.  THis  corresponds  to  a  phase 
velocity  of  e  =  hfStjk  ^  O.M.  And  the  ratio 


this  velocity  to  the  ambient  speed  of  sound  is 

^  0.99.  Thus  only  those  compo¬ 
nents  of  the  wavenumber  spectrum  with  wavenum¬ 
ber*  lea*  than  that  at  the  peak  will  radiate  to  the 
far  field.  Thia  also  indicates  that  the  direction  of 
peak  noiae  radiation  by  this  mode  would  be  di¬ 
rectly  downstream. 


Wavennmber,  k 

Fig.  5  Wavennmber  spectrum  for  varicoee  mode, 
n  »  0,  m  w  0,  5(  0.2,  My  =  1.5,  pw  s  l. 

2.3  Far  field  dlrecthritien 

Figure  0  show*  the  calculated  far  field  directivity 
for  the  varicoee  mode  as  a  function  of  polar  an¬ 
gle  in  the  major  d  =  0  and  minor  d  = 
plane*.  In  this  calculation,  7  terms  in  the  modi¬ 
fied  Mathieu  function  series  and  11  terms  in  the 
cosine  series  have  been  used.  The  directivity  is  seen 
to  peak  towards  the  downstream  axis  in  the  ma¬ 
jor  axis  plan*  but  peaks  between  30  and  40  degrees 
in  the  minor  axis  plan*.  This  ia  consistent  with 
the  minor  axis  plan*  near  field  data  measured  by 
Baty  et  ai(Ref.  20)  who  observed  a  peak  radiation 
angle  of  30  degree*.  Also,  the  difference  between 
the  levels  in  the  two  plane*  is  as  much  as  7dB  for 
small  angle*.  This  is  due  to  the  asimuthal  variation 
in  the  Mathieu  functions. 

It  should  be  noted  that  calculations  have  not  been 
performed  for  small  angles,  x  <  20  degrees.  This 
is  for  two  reasons.  Firstly,  for  small  values  of  x, 
q,  given  by  eqn.  (2.50),  and  hence  w,  given  by 
eqn.  (2.42),  are  very  small  Thus  the  asymptotic 
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Fig.  A  Far  field  directivity  for  varicose  mode,  n 

0,  A,  m  »  0, 10,  St  0.2,  Afy  =  1.5,  paa  =•  1"  - 1 

^-0, - ,^  =  v/2. 

form  of  of  the  modified  Mathien'Haiikel  function, 
eqn.  (2.43),  it  no  longer  valid.  Secondly,  unlike  the 
Hankel  functions  whose  magnitude  for  large  argue- 
ments  is  independent  of  their  order,  the  modified 
Mathisu*  Hankel  functions  increass  in  magnitude 
with  increasing  order.  This  is  due  principally  to 
the  normalisation  factor  pjm-t-pt  «!».  (2.44).  We 
encountered  nnmerical  problems  in  the  inclusion  of 
the  higho*  order  terms  in  the  series  representation 
of  the  far  field  as  this  involved  taking  the  product 
of  a  very  small  number,  the  coefficient  of  a  high 
order  term,  with  a  very  large  number,  the  corre¬ 
sponding  value  of  P3m+p- 

4  DISCUSSION 

Predictions  ahve  been  performed  for  the  noise  r^ 
diation  by  the  instability  waves  of  an  elliptic  su¬ 
personic  jet.  For  the  operating  conditions  consid¬ 
ered  the  varicose  mode  was  predicted  to  dominate 
the  radiated  field.  The  directivity  pattern  of  this 
mods  was  predicted  to  peak  in  the  axial  direction 
on  the  major  axis  and  between  30  and  40  degrees 
on  the  minor  axis.  Though  the  latter  result  is  in 
agreement  with  experimental  observations  further 
experimental  studies  are  required  to  give  further 
verification. 

At  the  operating  conditions  considered  it  is  possible 
that  the  proposed  noise  radiation  mechanism  by 
large  scale  structures  is  not  dominant.  The  phase 


velocity  of  the  characteristic  structures  in  the  flow 
firM  is  only  marginally  supersonic  with  respect  to 
the  external  speed  of  sound.  This  suggests  that 
calculations  and  experiments  should  bs  performed 
at  higher  jet  Mach  nnmbers  and  tempertnres.  Such 
studies  arc  nnderwqr. 

The  present  paper  has  provided  the  methodology 
for  the  prediction  of  noise  from  a  noncircnlar  jet. 
The  present  calculations  have  been  for  an  elliptic 
jet  but,  as  long  as  the  mean  flow  field  is  known, 
any  jet  exit  geometry,  including  a  rectangular  nos- 
sle,  could  be  considered.  At  present,  the  authors 
are  continuing  their  calculations  for  the  elliptic  jet 
with  a  more  general  and  realistic  description  cf  the 
mean  velocity  profile. 
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Discussion 


QUESTION  BT:  H.  Kflmnr,  DLR  Bratinschweig,  Germany 

You  have  solved  the  Euler-equatlon,  Is’nt  It.  There  Is  no 
viscosity  In  your  approach!? 

AOTHOR'S  RESPONSE: 

Yes,  the  Euler -equations  are  used.  The  large  scale  structures 
are  described  by  an  Inviscid  analysis.  As  described  in  the 
paper,  there  is  considerable  experimental  evidence  that  this 
assumption  is  valid  when  free  shear  flows  are  considered. 
This  is  because  the  structures  are  driven  by  a  dynamic 
instability  and  their  properties  are  nearly  Reynolds  number 
independent . 

QUESTION  BT:  G.  Wlnterfeld,  DLR,  Germany 

The  analysis  shown  has  to  rely  strongly  on  information  on  the 
spreading  rate  of  the  jet,  which  is  a  function  of  the 
convective  Mach  number,  besides  other  Influences.  Where  do 
you  take  this  information  from?  Do  you  rely  entirely  on 
experimental  results? 

AUTHOR'S  RESPONSE: 

For  the  calculations  presented  in  this  paper  we  have  taken 
the  spreading  rate  of  the  Jet  from  an  empirical  curve. 
However,  in  a  closely-related  study  by  Morris,  Giridharan  and 
Lllley  (1990)  I  have  used  the  instability  wave  model  to 
predict  the  development  of  the  mean  flow  and,  hence,  its 
spreading  rate.  The  results  give  very  favourable  agreement 
with  experiments  for  a  wide  range  of  operating  conditions. 
The  calculations  presented  in  Morris  et  al  (1990)  consider 
only  subsonic  convective  Mach  number  conditions.  Additional 
calculations  by  Viswanathan  and  Morris  (1992)  have  Included 
supersonic  convective  Mach  number  conditions. 
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References:  Morris,  P.J.,  Giridharan,  M.G.  and  Lilley,  G.M. , 
"On  the  turbulent  mixing  in  compressible  free  shear  layers", 
Proc.  Roy.  Soc.  London  A,  431,  1990,  pp.  219-243. 

Viswanathan,  K.  and  Morris,  P.J.,  "Turbulent  mixing  in 
supersonic  axisymmetric  jets",  accepted  for  publication,  AIAA 
Journal,  1992. 

question  BY:  Ph.  Ramette,  Dassault  Aviation,  France 

Could  you  comment  further  on  the  fact  that  your  model  for  the 
turbulence  is  inviscid? 

AUTHOR'S  RESPONSE: 

As  I  answered  in  response  to  a  previous  question,  the 
equations  describing  the  evolution  of  the  large  scale 
structures  are  inviscid.  However,  the  mean  flow  development 
in  the  jet  must  include  viscous  dissipation,  as  it  is  a 
turbulent  flow.  In  our  calculations  for  the  mean  flow 
development  that  I  mentioned  before  [Morris  et  al  (1990)]  we 
have  shown  that  the  details  of  the  process  of  energy  transfer 
from  the  large  to  the  small  scales,  and  its  eventual  viscous 
dissipation,  are  unimportant  to  the  evolution  of  the  flow  at 
the  large  scale.  Thus,  In  the  present  calculations,  the 
viscous  effects  are  included  Impliclty  in  the  specification 
of  the  development  of  Che  mean  flow. 

For  reference:  see  previous  response 

QUESTION  BY:  U.  Michel,  DLR  Berlin,  Germany 

I  should  not  be  difficult  to  include  flight  speed  in  your 

analysis.  This  would  be  interesting.  Do  you  have  plans  to 

Include  Che  flight  effects? 

AUTHOR'S  RESPONSE: 

AC  present,  we  ace  not  planning  Co  include  Che  effects  of 
forward  flight.  However,  the  extension  of  the  present 
analysis  Co  include  these  effects  would  be  relatively 

straightforward.  The  outer  solution  would  come  from  a 
convecced  wave  equation  and  Che  inner  solution  would  Include 
appropriate  outer  boundary  conditions.  If  necessary,  it  would 
be  possible  to  include  the  effect  of  Che  initial  wake  region 
in  the  calculations.  This  would  introduce  additional 

Instabilities.  However,  as  long  as  these  Instabilities  were 
convective  in  nature,  and  not  absolute  instabilities,  the 
effects  of  Che  initial  wake  should  be  confined  to  Che  higher 
frequencies . 
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SUMMARY 

A  method  for  the  prediction  of  single  stream  jet  mixing 
noise  in  flight  is  presented  that  can  be  used  for  flight  Mach 
numbers  up  to  0.9.  The  method  is  similar  to  the  empirical 
SAE  method.  However,  two  imponant  results  of  the  theo* 
retical  scaling  law  of  Michalke  and  Michel  are  incorporated: 
(i)  the  total  noise  of  heated  jets  is  separated  into  quadiupolc 
and  dipole  noise  components  because  they  are  influenced  dif¬ 
ferently  by  the  flight  Mach  number  and,  (ii)  the  influence  of 
the  stretching  of  the  jet  plume  in  flight  on  the  overall  sound 
pressure  and  the  frequency  of  the  emined  sound  is  considered. 
A  relative  velocity  exponent  law  is  used  to  correlate  experi- 
memal  flyover  data.  The  correlation  is  based  on  all  available 
data  for  combat  aircraft  with  fuselage  mounted  engines  and 
flight  Mach  numbers  between  0.3  and  0.9.  The  difference  bet¬ 
ween  predictions  with  this  new  method  and  measured  overall 
flyover  levels  is  generally  less  than  two  decibels.  The  spectra 
are  also  well  predicted. 


LIST  OF  SYMBOLS 

a,  sound  speed  of  the  ambiem  air 

Dj  fully  expanded  jet  diameter 

D,  no^e  diameter 

f  one-third  octave  center  ffequeiKy 

ff  frequency  of  one-third  octave  spectrum  in  flight 

f,  ftequency  of  one-third  octave  spearum,  static  jet 

Fj  density  faaor 

Mr  flight  Mach  number.  Uf/a, 

OASPLf  overall  sound  pressure  level  for  Ff 
OASPL,.a  overall  sound  pressure  level  for  Pi^ 

Po  pressure  of  the  ambiem  air 

Pf  mean  square  sound  pressure  in  far  Field  of  jet  in  flight 

P(3  P(  in  a  one-third  octave  band 

P,  mean  square  sound  pressure  in  far  Field  of  static  jet 

P,)  P,  in  a  one-third  octave  band 

Piw  Ft  fo'  jet  with  constant  density 

Fwt  P.«  for  tefeietKe  conditions. 

p,4  standard  pressure  of  ambient  air.  101.3  kPa 

P^  quadrupole  contribution  to  mean  square  sound  pressure 

Pqa  quadrup. -dipole  contrib.  to  mean  square  sound  pressure 

ftt  dipole  contribution  to  mean  square  sound  pressure 

r,  wave  normal  .distance  from  source 

St  Strouhal  number,  f  Dj/lUj-Ur) 

St,  Strouhal  number  of  equivalent  static  jet,  (eq.  It) 

St,  adjusted  Strouhal  number,  (eqs.  23,  24) 

T,  static  temperature  in  the  ambient  air 
Tj,  jet  total  temperature 

U,  convection  speed  of  niibulent  disturbances 
U,  jet  speed  of  equivalem  static  jet 

Uf  flight  speed 
Uj  jet  speed 

jet  speed  of  static  jet 
Y  ratio  of  speciFic  heats  in  air 
ALp  increase  of  overall  sound  pressure  level  due  to  a 
9,  emission  angle  relative  so  the  negative  jet  axis 
ft  normalized  convection  speed,  Uy(Uj-U() 
p]  jel  density 
Po  density  of  ambient  air 
a  jet  stretching  factor  due  to  flight  speed 
<T|  turbulence  amplification  factor  due  to  flight  speed 
4  frequency  adjusunent  factor  of  SAE  method 
01  variable  density  index  of  SAE  method 


1.  INTRODUCTION 

Jet  noise  has  been  drasrically  reduced  in  modem  trans¬ 
port  aircraft  through  engines  with  low  jet  speeds.  Unfottu- 
nately,  jet  speeds  utd  jet  temperatures  of  modem  high  perfor¬ 
mance  military  aircraft  are  very  high  and  it  may  be  concluded 
that  jet  noise  is  an  important  contribution  to  their  noise 
emission.  When  these  aircraft  fly  training  missions  at  low  alti¬ 
tudes.  they  create  a  severe  community  noise  problem.  Relia¬ 
ble  prediction  methods  for  jet  noise  in  high-speed  flight  are 
necessary  to  study  the  influence  of  operational  or  design  para¬ 
meter  changes  on  the  noise  emission.  These  methods  would 
also  help  to  assess  the  noise  of  currently  considered  new 
supersonic  transpoit  designs. 

The  noise  emined  by  jet  aircraft  consists  of  interna! 
engiite  noise,  aiifriune  noise,  and  jet  noise.  Major  internal 
engine  noise  sources  are,  e.g.,  fan.  compressor,  tutbine,.  and 
the  combustion  process.  Airftame  noise  is  generated,  e.g.,  by 
the  aircraft's  boundary  layer  and  by  protruding  stiucnires  like 
stores  and  landkig  gears.  Jet  noise  consists  of  jet  mixing  noise 
and  ahock-associat^  noise.  Jet  mixing  noise  is  caused  by  the 
tuibulem  mixing  process  between  the  jet  and  its  ambience. 
Shock-aasocitted  noise  is  additional  jet  noise  that  is  generated 
when  the  jet  is  supersonic  but  the  flow  is  not  fully  expanded 
in  the  engine's  exhaust  nozzle. 

Jet  mixing  noise  was  First  discussed  theoretically  by 
Lighthill  (1).  He  already  discussed  the  influence  of  flight  on 
radiated  jet  noise.  Ffowes  Williams  (2)  and  Ribner  (31  look 
retarded  lime  differences  into  account.  The  effects  of  flight 
were  Fust  discussed  in  a  coordinate  system  Fixed  to  the  nozzle 
by  Michalke  and  Michel  [4j.  This  and  assumptions  about  the 
iiifluence  of  flight  speed  on  the  turbulent  source  field  enabled 
the  derivation  of  a  scaling  law  for  the  influence  of  flight 
Mach  number  on  the  radiated  jet  noise  for  small  flight  Mach 
numbers.  The  density  lerms  which  are  important  for  hot  jets 
were  also  accounted  for  in  ref.  4.  According  to  this  th*ory,  an 
ampliFicaiion  of  jet  mixing  noise  due  to  flight  speed  for 
emission  angles  in  the  flight  direction  is  compatible  with  jel 
noise.  The  s^ing  law  was  extended  to  the  case  of  ftequency 
spectra  in  ref.  5.  Experimental  evidence  was  presented  in  ref. 
6  that  the  assumptions  about  the  influence  of  flight  speed  on 
the  tuibulem  source  Field  were  justiFied. 

The  prediction  of  jet  mixing  noise  is  usually  carried  out 
with  the  iixlustiy  standaid  SAE  method  [7]  or  slight  variations 
to  bener  correlate  with  cenain  engine  data.  This  empirical 
method  was  developed  for  jet  conditions  and  flight  speeds 
that  are  common  during  takeoff  and  landing  of  aircraft.  How¬ 
ever,  the  predictions  with  this  method  for  high-speed  Flight 
yield  too  small  levels  and  too  small  frequencies  if  compa^ 
to  experimental  data.  It  is  sometimes  concluded  that  jel  noise 
is  masked  by  other  noise  sources  in  high-speed  flight. 

The  new  method  developed  in  this  paper  is  based  on  the 
SAE  method.  However,  two  important  improvements  are 
introduced.  The  Fust  relates  to  the  influence  of  jet  density  on 
the  overall  sound  pressure  level  which  is  considered  empiri¬ 
cally  in  the  SAE  method  by  a  density  correction  leim.  It  will 
be  shown  in  section  2  that  the  density  influence  can  alterna¬ 
tively  be  considered  by  separating  die  total  noise  into  a  qua- 
diupole  and  a  dipole  component  which  eliminates  the  empiri¬ 
cal  variable  density  index  o)  of  the  SAE  method.  This  sepa¬ 
ration  is  important  because  the  flight  efiecis  are  different  for 
quadrupole  and  dipole  lerms  14^.6]. 


where  the  density  factor  F4  is  given  by 
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The  second  improvement  is  the  consideration  of  the  jet 
stretching  due  to  flight  speed.  This  is  discussed  in  section  3  in 
order  to  derive  the  imponant  stretching  faaor  a  which  deter¬ 
mines  the  increase  of  the  length  of  the  source  region  as  well 
as  the  increase  of  the  equally  imponant  coherence  length 
scale.  This  factor  also  describes  the  frequency  increase  of  jet 
mixing  noise  m  flight. 

The  new  prediction  method  is  then  presented  in  section 
4.  The  idea  of  a  relative  velocity  exponent  of  the  SAE  method 
is  combined  with  the  stretching  factor  a.  The  relative  velocity 
exponent  is  determined  as  a  best  fit  to  the  experimental 
results  that  are  discussed  in  more  detail  in  the  accompanying 
paper  18). 


2.  OUADRUPOLE  ANO  DIPOLE  CONTRIBUTION 

The  mean  square  sound  pressure  P,  in  the  far  field  of  a 
jet  without  external  flow  can  be  derived  from  Michalke  and 
Michel  (4): 


where  Uj  is  the  jet  speed.  a„  the  ambient  sound  speed.  Pj  and 
Po  are  the  densities  of  the  jet  and  the  ambience,  respectively. 
r„  is  the  (wave  normal)  distance  from  the  source  region,  D,  is 
the  fully  expanded  jet  diameter.  In  addition  to  the  parameters 
on  the  right  hand  side  of  eq.  ( I ),  P,  is  also  a  function  of  the 
emission  angle  0,  which  is  defuied  here  relative  to  the  nega¬ 
tive  jet  axis.  P,„,  and  P^j  are  derived  from  the  cross- 
correlaiioiu  between  the  quadrupole  source  teims,  the  quadru- 
pole  and  dipole  source  teims.  and  the  dipole  source  temis.  res¬ 
pectively.  The  three  terms  are  functions  of  T/To.  and 
Uj/ao.  For  p/Po»  I.  all  but  the  fust  teim  in  the  braces  vanish. 

The  corresponding  formulation  of  the  SAE  method  is 


P 


s 


(2) 


where  it  is  assumed  that  the  density  influence  on  the  mean 
square  sound  pressure  is  fully  coniauted  in  the  last  term  of  the 
equation  with  the  variable  density  index  to.  According  to  the 
SAE  method,  only  the  disinbution  of  the  mean  square  pres¬ 
sure  in  the  frequency  spectra  is  influenced  by  the  ratio  bet¬ 
ween  the  jet's  total  temperature  T,,  and  the  ambient  tempera¬ 
ture  T„. 


In  order  to  compare  eq.  (I)  with  the  SAE  method,  eq. 
(2),  we  write  eq.  (1 )  in  a  short  form  as  follows 


P.(0n)  =  P,-n(0o) 


A, 

P 

_ Al 

^Paa 

(Uj/a„) 

Pijq  (Uj/4o) 

Pqq. 

(3) 


The  expression  in  braces  would  be  equivalent  to  the 
density  term  of  eq.  (2)  and  P,„  would  correspond  to  the 
remaining  pan  of  eq.  (2).  If  we  assume  for  simplicity,  that 
quadnipole  and  dipole  source  lentis  are  not  correlated. 
Pnj/Pn4=  0,  and  that  Pda/P.(.,=  1  (this  value  gives  a  gtxxl 
agreement  to  the  density  term  of  eq.  (.2)  for  heated  jets),  we 
can  reformulate  eq.  (3)  as  follows: 


Prslf^.fl.  )  Fa. 


This  formulation  eliminates  the  empirical  variable  den¬ 
sity  index  rui  The  flrst  term  on  the  right  hand  $.de  of  eq.  (3) 
describes  how  the  quadnipole  contribution  is  reduced  with 
decreasing  jet  density,  the  second  term  describes  the  corres¬ 
ponding  increase  of  the  dipole  contribution.  Note  that  the 
relative  dipole  contribution  may  become  large  for  jet  speeds 
small  compared  to  the  ambient  sound  speed.  Small  differences 
between  Pj  and  p„  may  be  an  explanation  for  the  large  scatter 
of  jet  noise  test  data  for  low  jet  speeds. 

A  comparison  between  the  density  term  in  eq.  (2)  and 
eq.  (S)  yields  for  the  variable  density  index  of  the  SAE 
method 


In 

cjK  2  >  — 


It  can  be  seen  from  this  equation  that  oi  is  not  only  a 
function  of  Uj/a^  as  it  is  assumed  in  the  SAE  method  but  ^so 
a  function  of  the  density  ratio  pjpa-  Results  of  eq.  (6)  are 
compared  in  figure  1  with  the  SAc  values.  It  can  be  seen  that 
the  curves  are  similar  only  for  density  ratios  pj/po  between 
0.25  and  0.5.  However,  the  results  of  eq.  (6)  are  totally  diffe¬ 
rent  for  cold  jets  with  Pj/p„  >  I .  The  reason  is  the  different 
behavior  of  tlw  two  tenns  in  eq.  (5)  for  p^p„  <  1  and  pj/po 
>  1 .  For  pj/po  <  I  an  increase  of  the  second  teim  is  accom¬ 
panied  by  a  decFea.se  of  the  first  term  if  |pj/pi>-l|  is  in¬ 
creased.  Contrary,  for  pj/p^  >  I  both  terms  grow  for  increas- 
ihg  iPj/Po-l|- 
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Figure  1:  Influence  of  U/a,,  and  pjp„  on  the  variable  density 

index  to  according  to  eq.  (6>  ( - ^ - )  SAE;  ( - ) 

p/p„  =  0  25;  ' - )  p/p,  =  0.5.  ( . )  p/p„  =  1; 

( - )pj/Po  =  2. 


(4) 
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The  ovenll  lound  pressure  level  of  jet  mixing  noise 
accoidinf  to  eq.  (2)  (SAE)  and  .eq.  (4)  (ne«  method)  is 
plotted  in  figure  2  for  di,  s  90  degrees,  r,  ■  100  m,  and  a 
diameter  of  D„  >  0.3  m  for  a  conical  nozz.'e  as  a  function  of 
Uj/a„  for  two  different  jet  total  temperature  ratios  >  1 
and  2.  The  difference  between  eqsL  (2)  and  (4)  is  seen  to  be 
small  for  typical  conditions  of  a  jet  engine.  The  two  thin 
straight  lines  indicate  an  U/a,  to  the  sixth  and  to  the  eighth 
power  law,  respectively.  It  can  be  seen  that  the  gradient  of  the 
low  speed  part  of  the  two  curves  for  Tj/Ta  at  I  corresponds  to 
an  eighth  ^wer  law  which  is  the  well  known  result  for  qua- 
drupole  noise  whereas  the  gradiem  of  the  corresponding  pan 
of  the  curves  for  the  heated  jet  is  close  to  a  sixth  power  law 
which  indicates  the  dominance  of  the  dipole  teims. 


It  is  known  that  the  Doppler  amplification  due  to  flight 
speed  is  different  for  quadrupole  and  dipole  sources  (1.4).  It 
can  be  concluded  from  ref.  4  that  the  density  factor  of  eq.  (3) 
has  to  be  evaluated  in  flight  for  a  jet  speed 

U.-(Uj-U,V(l -MfCosSa)  (7) 

which  yields 


scaling  laws  of  Motfey  et  al.  (10).  They  assume  that  the  two 
source  terms  have  different  basic  spMra  and  directivities 
which  expiains  a  change  of  the  feequency  spectra  of  jet  noise 
when  the  jet  is  heaed. 


Pifiire  3:  Influence  of  My  and  p-Jp^  on  the  ratio  between 
dipole  and  quathapole  contribution  to  jet  mixing  noise  versus 

emission  angle  i  ^  Uj/a,*  1.3.  ( - )  My  w  0, 

pjp,  ■  0.3;  ( - ^)  My  -  0,  Pj/p,  “  0.7;  ( - ) 

My  ■  0.8,  p^Pt  ■  OJ;  (-••--)  »  0.8,  p/Po  *  0-T. 


X  STRETCMNO  OF  JET  IN  FUGHT 

Slatting  ft«n  the  convective  Ughthill  equation,  the 
mean  square  presnire  fluctuations  Pys  in  a  one-third  octave 
band  in  the  far  6eld  of  a  jet  subjected  to  a  fli^  Mach 
number  My  was  found  to  be  related  to  the  coiresponding  value 
P,)  in  a  one-third  octave  band  of  an  equivalent  static  jet  [6], 

»  ff|  0^  { 1  •  My  cos  Po(Si..^),  (9) 

where  U,  is  the  jet  speed  of  the  equivalem  static  jet  which  is 
defined  by  eq.  (7).  St  is  the  Stiouhsl  number  of  the  norma¬ 
lized  center  frequency  f  of  the  one-third  octave  band  and  is 
defined  with  the  relative  velocity  Uj-Uy. 

StwfDjAUj-U,)  (10) 


1  -  {1  -Mfcos  8„> 

■  ■■  (Ui-Url - 
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(8) 


This  equation  is  evaluated  in  fiaure  3  for  a  jet  with  Uj/a, 
=  1.3.  The  static  case  My  =  0  and  the  flight  case  My  =  0.8  are 
shown  for  the  two  densi^  ratios  Pj/p,  0.3  and  0.7.  It  can  be 
seen  that  tiie  relative  dipole  contribution  is  independent  of 
flight  Mach  number  in  the  studied  cases  for  an  angle  of  about 
9„  =  SO  deg.  The  relative  dipole  contribution  is  reduced  for 
smaller  angles  in  the  forward  arc  and  considerably  iiKieased 
for  larger  angles  in  the  rear  arc.  We  conclude  that  the  forward 
arc  of  an  engine  jet  in  high-speed  flight  is  dominated  by  qua¬ 
drupole  noise  teims  even  if  dipole  noise  plays  a  role  tlrere  in 
the  static  case  and  that  it  is  likely  b:  dominated  by  dipole 
noire  in  the  rear  arc. 


The  separation  of  the  source  terms  of  jet  mixing  noise 
into  quadrupole  and  dipole  terms  was  already  proposed  in  the 


The  Strouhal  number  St,  for  which  the  equivalent  static 
jet  has  to  be  evahialed  is  defined  in  refs.  3  and  6  by 


S«.» 


St/(T 

SKI  -  Mf  cos  8n) 


(WT) 

(FO) 


(lU) 

(11b) 


where  WT  indicates  wiixl  tunnel  coordiruites  and  FO  flyover 
coordinates.  The  jet  density  ratio  pj/p,.  the  normalized  wave 
nornul  distance  r^Dj,  and  the  emission  angle  £(,  are  identical 
for  both  sides  of  eq.  (9).  (T  is  » jet  stretching  factor  which  can 
be  derived  from  theory.  tTy  is/the  only  empirical  factor  which 
describes  the  increase  of  the  normalized  turbulence  intensity 
in  flight.  A  value  of 

<Tl  »  yS  (12) 

/ 

was  proposed  in  ref.  6  as  a  result  of-  prraure  fluctuation 
measurements  inside  the  jet's  shear  layer. 


The  ttfetching  factor  a  of  reft.  S  and  6  is  used  here  for 
the  new  prediction  method,  a  describes  the  stretching  of  the 
jet  plume  due  to  flight  speed.  This  stretching  also  resulu  in  a 
reduced  spread  rate  of  the  jet's  shear  layer.  The  situation  is 
illustrated  in  figure  4.  The  static  jet  in  the  upper  pan  of  the 
figure  has  a  jet  speed  Uj.  The  jet  in  the  lower  part  is  immer¬ 
sed  in  a  flow  with  flight  speed  Uf  and  the  relative  jet  speed  is 
Uj-Uf.  The  external  flight  speed  reduces  the  shear  between  the 
two  streams  and  increases  the  convection  speed  U^.  of  the  dis¬ 
turbances  m  the  shear  layer.  ■ 


Static  condition 


Right  condition 


Fimire  4:  Illustration  of  the  jet  stretching  due  to  flight  speed. 


The  stretching  faaor  is  determined  by  the  convection 
speed  of  the  disturbances  in  the  jet's  shear  layer.  The  norma¬ 
lized  convection  speed  ft  a  (Jf/(Uj-Uf)  for  the  flight  case  of  a 
circular  jet  with  constant  density  is  given  by 


Uf+  0.7(U,-U,) 
Ui-U, 


(13) 


The  corresponding  equation  for  a  plane  shear  layer  has 
the  factor  0.7  replaced  by  0.5  which  means  that  in  this  case 
the  convection  speed  is  equal  to  the  arithmetic  mean  of  the 
speeds  on  the  two  sides  of  the  shear  layer.  In  a  round  jet,  the 
convection  sp^  is  larger  due  to  the  self  induction  of  the  vor- 
ticity  distribution  in  the  circular  shear  layer. 


if  et)S.  (14)  and  (12)  an  insetted  in  eq.  (9). 

The  influence  of  tr  on  the  overall  sound  pressure  level 
can  be  quite  large.  For  Ui/ao  a  1.5  and  Mf  ■  0.8  we  have  (Ta 
2.6  sod  ALp  a  10.4  dB.  E^.  (15)  explains  why  a  reduction  of 
jet  speed  lias  a  much  larger  influence  on  static  jet  mixing 
noise  t.han  on  the  noise  in  flight.  In  a  take-off  situation  we 
have  a  flight  Mach  number  Mf  a  0.25.  If  jet  speed  is  reduced 
from  U/an  a  |.j  to  Uj/a,  a  25  the  stretching  factor  a 
increases  from  a*  1.28  to  era  1.33  and  its  influence  accor¬ 
ding  to  eq.  (15)  ‘ncreases  from  2.7  dB  to  3.3  dB  by  0.6  dB 
which  offsets  pan  of  the  noise  reduction  gained  by  the  smaller 
jet  speed.  This  effect  is  much  more  dramatic  during  ap¬ 
proaches  with  small  engine  pov.er.  A  reduction  of  jet  speed 
from  Uj/a,  =  1.0  to  Uj/a„  a  0.6  during  an  approach  with  Mr  a 
0.25  increases  the  stretching  factor  from  a  a  1.47  to  it  a  2 
and  ALp  is  increased  from  Alp  a  4.2  dB  to  ALp  a  7.3  dB.  The 
stretching  factor  becomes  especially  large  for  "engine  idle" 
conditions.  As  a  consequence,  the  measured  noise  of  clean  (no 
fl^.  no  gear)  iranspon  aircraft  may  still  be  dominated  by  jet 
mixing  noise  in  these  cases  despite  the  low  engine  power  (see 
e.g.  the  RB  21 1  data  in  Rawls  ( 1 1 1  ). 


The  convection  speed  also  depends  on  the  jet's  density. 
This  IS  not  yet  considered  here.  However,  it  turned  out  that 
this  influence  had  to  be  included  in  the  prediction  metiKxl  for 
broadband  shock  noise  of  lef.  8,  because  the  convection  speed 
has  an  imponam  influence  on  the  frequency  of  broadband 
shock  noise. 


Figure  5:  Influence  of  flight  Mach  number  on  the  jet  stret¬ 
ching  factor  o  and  the  increase  ALp  of  the  overall  sound  pres- 

.sure  level  according  to  ref.  6.  ( - )  VJa,  =  2; 

( - )  i;/a„  =  1.5;  ( - )  Uj/a,  =  1.25; 

( . )  Uya,  =  1;  ( - )  Uj/a,  =  0.8;  ( - ) 

U/a,  »  O.b.'^ 


The  stretching  factor  a  for  a  jet  with  constant  density  is 
given  by  the  ratios  of  the  relative  convection  speeds  of  the  jet 
in  flight  to  the  static  jet  according  to  eq.  (13).  This  ratio  is 
given  by 


[Uf  >  0^7^(U,-Uf)|  /  (Ui-U() 


or 


0r  = 


1  +  1.4- 


DpTJT' 


(14) 


The  stretching  factor  a  is  plotted  as  a  function  of  flight 
Mach  number  for  four  different  normalized  jet  speeds  Uj/a„  in 
figure  5.  The  vertical  axis  on  the  right  hand  side  is  labeled 
with  the  influence  of  CT  on  the  sound  pressure  level  of  jet 
mixin;^  noise  according  to  eq.  (6).  This  influence  can  be 
described  by 


(15) 


Equally  imponant  as  the  effect  of  ilie  stretching  factor 
on  the  overall  sound  pressure  level  is  its  effect  on  an  increase 
of  the  frequency  of  jet  mixing  noise.  According  to  eq.  (10)  the 
frequency  should  become  smaller  in  flight  proportional  to  the 
reduction  of  relative  jet  speed  Uj-Uf  for  constant  Strouhal 
number  St.  This  is  assumed  by  the  SAE  method.  However, 
the  Strouhal  number  is  increas^  in  flight  proportional  to  the 
stretching  factor  cr  according  to  eq.  (II ).  The  ratio  between 
the  frequency  ff  in  flight  to  the  frequency  f,  of  the  static  jet  is 
then  given  for  wind  turuiel  (WT)  and  flyover  coordinates  (FO) 
by  the  relation 

(  cr(Uj-Uf)AJj  (WT)  (16a) 

I  <y  (Uj- U,)/ [  U,(  1  -  M(  cos  9„)J  ( F O)  (1 6b) 

This  equation  is  evaluated  in  figure  6  for  six  values  of 
Uj/a„  yielding  the  six  lines  that  indicate  a  slight  increase  of 
the  frequency  with  increasing  flight  Mach  number.  The  lines 


Alp  =  25  dB  ‘“log  <T. 
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that  express  a  reduction  of  the  frequency  in  flight  are  cal¬ 
culated  with  <T  a  1  which  is  equivalent  to  the  cssumptionx 
made  in  the  SAE  method. 

The  increase  of  frequency  in  flight  ihovm  in  figure  6  is  a 
consequence  of  the  stretching  factor  a  in  eq.  (16).  For  a  high 

Cttformance  aitcrafi  with  an  assumed  noimalized  jet  speed  of 
j/So  a  1 .5  and  and  a  flight  Mach  number  Mf  =  0.8  the  fre¬ 
quency  is  increased  by  a  factor  of  1.21  rather  than  being 
reduced  by  a  factor  of  0.47  according  to  the  SAE  method.  The 
effect  is  even  larger  for  a  civil  transpoti  aitcnft  cruising  with 
U^Ss  a  l.l  and  a  typical  cruise  Mach  number  Mf  a  0.84.  In 
this  case  the  frequency  is  increased  by  a  factor  of  1.3  rather 
than  being  reduced  by  a  factor  of  0.24.  This  explains  the  sur¬ 
prisingly  high  frequencies  observed  in  these  cases  and  no 
recourse  to  nonlinear  effects  in  long  range  sound  transmission 
needs  to  be  made. 


Figure  6:  Influence  of  flight  Mach  number  on  the  ratio  fiff,  of 
the  frequencies  in  flight  and  in  the  static  case,  (windtiunnel 
coordinates  or  6^  a  90  deg  for  flyover  coordinates). 

( - )  u/a,  a  2;  ( - )  VJt,  a  IJ; 

( - )  Uj/a,  a  1.23;  < . )  Uj/a,  =  1; 

( - )  Oj/a,  a  0.8;  ( - )  Uj/a,  aU6.  For  the 

falling  curves  it  is  assumed  that  the  frequency  is  reduced  pro- 
ponional  to  the  relative  jet  speed  Uj-Uf,  die  rising  curves 
UKlude  the  effect  of  the  jet  stretching  factor. 


4.  PREDICTION  METHOD  FOR  JET  MIXING  NOISE 

A  new  prediction  method  for  jet  mixing  noise  can  be 
derived  if  the  theoretical  results  of  the  two  previous  sections 
are  introduced  into  the  SAE  method  f7).  Experimental  data 
from  high  speed  flyover  tests  with  four  different  aircraft  [8| 
are  used  to  determine  a  best  fit  for  a  new  distribution  of  the 
relative  velocity  exponent  of  this  method. 

The  mean  square  sound  pressure  Pf  of  jet  mixing  noise 
in  flight  is  describe  by 


IT,  (1  -  Mf  cos  Fj(U,JVP.)- 


where  eq.  (9)  was  utilized  for  the  whole  frequency  band  and 
P,  expressed  by  eq.  (4).  U,  is  defined  by  eq.  (7).  F,  is  deflned 
by  eq.  (5)  and  has  to  be  evaluated  for  a  jet  speed  U,  which 
leads  to  eq.  (8).  To  enable  a  correlation  with  experimental 
data  an  empirical  relative  velocity  exponent  law  is  used  to 
express 


■  o  *0 


when  n  and  ■  hare  m  be  determined  empirically,  n  could  be 
chosen  identind  la  m  but  we  arbitrarily  used  n  ■  5  here,  a 
value  that  made  ctstain  that  the  relative  velocity  exponera  m 
satisfied  the  ptgdril  condition  to  be  positive  for  all  emission 
angles  f^  The  nadong  Doppler  factor  exponem  of  eqs.  (17) 
and  (18)  is  a-2w3.  The  turbulence  intensity  factor  wu  set 
(T|  w  1  which  anas  that  the  effect  of  rising  normalized  turbu¬ 
lence  intenstty  ia  fligltt  has  to  be  iiKluded  in  m.  This  yields 
ihe  firisl  predioMaiiMmula 

•a  •a 

ppS|“(l-M,cos6S,)V.  (19) 

The  mean  i^mk  pressure  cf  Jet  mixing  noise  of  a  jet 
with  constant  danay  is  given  by 


and  can  be  rdndard  with  the  SAE  method.  The  relative 
velocity  expoatat  m  in  eq.  (19)  is  determined  as  a  function  of 
Uj/a,  siiid  ^  taa  the  expetimental  data  that  are  repotted  in 
ref.  8.  Dau  ftaai  fwir  diffetem  aircraft  with  fli^  Mach 
numbeis  between  M,  >  0.5  and  0.9  were  utilized.  Tire  engines 
of  these  aiiota  arete  fusela^  mounted.  Contributions  of 
broadband  sfasck-aBOciated  noise  have  been  eliminated  from 
the  data  by  usaig  a  method  that  is  based  on  Tam  [9]  but  con¬ 
tains  some  pfayii^y  justified  modifications.  All  required  for- 
mulu  are  pieseared  in  the  appendix. 

The  dificacace  between  the  overall  sound  pressure  levels 
computed  with  dnse  fbimulas  and  the  underlying  data  is 
generally  smallcrdren  ZdB. 

The  rMie  httween  the  mean  square  pressure  in  a  one- 
third  octave  hani  to  the  overall  mean  square  pressure  is 
defined  accordayto  reft.  5  arul  6  by 


where  St,  is  ghrea  by  eq.  (11)  and  U,  .by  eq.  (7).  The  cotres- 
pimding  relaboaused  by  the  SAE  method  is 

PB(St.^J«l)/P|(^>«f) »  P.J(St„^)/P.(^).  (22) 

a,  3,  a,  a, 

where  the  adjeired  Sliouhal  number  St,  is  defined  by 

(WT)  (23a) 


(FO)  (23b) 

£  is  called  the  Sinmhal  ftequency  adjustnrem  factor  in  the 
SAE  method  aM  is  a  function  of  Uj/a,  and  61,.  It  has  to  be 
calculated  for  (^  (and  not  for  Uj/a,-  Mf)  in  the  flight  case. 

Eq.  (22)  is  used  in  the  new  prediction  method.  However, 
the  adjust^  Sueahal  number  is  dnermitred  by  the  equation 


which  differs  fhan  eq.  (23)  by  the  stretching  factor  <r. 


(24a) 

(24b) 


The  ihi|W  ci  the  fiequmcy  ipectn  end  their  mexime  an 
(indicted  very  well  with  this  foiinuU  for  all  emission  tnfles 
that  wen  available  for  com{iahson  with  data  (see  nf.  8). 

Fi(nm  7  demonsiiaiea  how  poorly  the  SAB  method  coni- 
pans  with  the  msulu  of  the  new  metlMd.  The  overall  sound 
pntsuK  level  of  jet  mixing  noire  is  (iloited  for  a  h^^hetical 
aircraft  u  a  fiinaion  of  emission  angle  %  relative  to  the 
negative  jet  axis  on  a  sideline.  Normalize  jet  speed  is  V  J»a  w 
I.S.  jet  total  tempennite  ratio  is  Tj/T^  2,  arid  flight  Mach 
number  0.8  in  an  ambiem  condition  |>i|B  lOUkPa, 
To  *  288.13  K.  The  folly  expanded  jet  diameter  is  Dj  ^  OJ  m 
and  the  sideline  distance  100  m.  Atmospheric  absoiption  and 
ground  interference  are  not  considered.  The  directivity  of  the 
static  jet  (Mf  >  0,  calculated  with  the  SAE  method)  exhibits 
the  typical  peak  of  jet  mixing  noise  in  the  rear  arc.  The  other 
two  directivities  ate  computed  for  Mf  *  0.8.  The  curve  for  the 
new  method  exhibits  a  strong  amplification  in  the  forward  arc. 
The  (itedicted  levels  of  the  SAE  method  ate  lower. 


Fimie  7:  Overall  sound  pressure  levels  of  a  jet  for  a  sideline 
distance  100  m  as  a  fonaion  of  emission  angle  Oo  relative  to 
the  negative  jet  axis.  U/a,  w  1 .3.  2.  Ojai  0.3  m. 

(— )  Mf  *  0,  SAE  method;  ( - )  Mf  »  0.8,  SAE 

method:  (— - )  Mf »  0.8,  new  method. 


The  most  impottam  result  of  the  new  method  is  the  con¬ 
siderable  ampUfication  due  to  flight  in  the  forward  arc  which 
amoums  to  13  dB  relative  to  the  static  condition  for  an 
emission  angle  of  30  degrees  in  the  studied  case.  Flight  speed 
has  no  influence  on  the  overall  sound  pressure  level  at  83 
degrees.  The  reduction  in  the  rear  arc  at  130  degrees  is  20  dB. 
The  sound  levels  predicted  with  the  widely  used  empirical 
SAE  method  are  much  lower.  The  SAE  prediction  comes 
closest  for  emission  angles  between  70  at  90  degrees  with  a 
diffeteiKC  of  only  about  2  dB  in  this  special  case.  However, 
the  differences  rise  to  values  of  1 1  dB  at  140  degrees  in  the 
tear  arc  and  to  13  dB  at  20  degrees  in  the  fotward  arc. 

Figure  8  presenu  the  corresponding  one-third  octave 
spectra  for  an  emission  angle  of  W  degrees.  The  peak  fle- 
quency  of  the  static  jet  noise  spectrum  according  to  the  SAE 
method  is  about  380  Hz.  The  SAE  method  predicts  for  the 
flight  condition  a  teduction  of  the  peak  frequency  to  about 
270  Hz  which  is  a  result  of  the  assumption  that  the  flequency 
is  ptoponional  to  the  relative  speed  between  the  jet  and  its 
ambience.  The  peak  frequency  of  the  tww  method  is  2.6  times 
larger  close  to  700  Hz.  This  increase  of  emitted  frequency  in 
flight  is  related  to  the  cortes{)onding  increase  of  source  fre¬ 
quency  due  to  the  stretching  of  the  jet  plume  in  flight.  The 
good  agreement  between  the  flyover  sfXKtra  predicted  with 
the  new  method  for  9„  =  90  degrees  arxl  the  measured  spectra 
for  all  cases  is  evidence  for  the  validity  of  this  assurnpiion 
since  no  empirical  adjustment  had  to  be  used. 


Figure  8:  One-third  ocuve  spectra  of  a  jet  for  an  emisaioo 
angle  6),  a  90  deg  and  a  sidelme  distance  of  100  m  in  flyover 

coordinates.  Ui/as  >1.3,  Tj^Tga  2.  Dja  0.3  m.  (  .  )  Mf  a 

0,  SAE  method;  ( - )  Mf  a  0.8,  SAE  method;  ( - ) 

M(  a  0.8,  new  method. 


Figure  9  displays  the  conesponding  one-third  octave 
qrectta  for  an  emission  angle  of  30  degrees  in  the  forward 
arc.  The  peak  frequency  of  the  static  jet  noise  spectrum  does 
not  change  between  61,  a  90  degrees  and  9,  a  30  degrees 
according  to  the  SAE  method.  The  SAE  method  predicts  for 
the  flight  condition  a  slight  increase  of  the  peak  flerpiency  to 
about  880  Hz  which  is  a  result  of  the  Doppler  flequoicy  shift 
in  flight.  The  peak  frequency  of  the  new  method  is  2.6  times 
larger  close  to  2300  Hz.  The  good  agreement  with  the  flyover 
data  for  all  emission  angles  indicates  that  the  Doppler  fre¬ 
quency  shift  is  correctly  d^ribed  by  eq.  (24b). 


Figure  9:  One-third  octave  spectra  of  a  jet  for  an  emission 
angle  9„  a  30  deg  and  a  sideline  distance  of  100  m  in  flyover 

coordinates.  U/a„  =  1-5.  Tj/ri>=  2  Dj=  0.3  m.  ( - )  Mf  a 

0,  SAE  method;  ( - )  Mf  =  0,8,  SAE  method;  ( - ) 

Mf  a  0.8,  new  method. 


The  situation  during  takeoff  and  landing  may  be  des- 
chbed  by  a  typical  flight  Mach  number  Mf  a  0.23.  This  case 
is  studied  in  the  following  figures.  The  overall  sound  pressure 
level  for  a  sideline  distance  of  100  m  is  plotted  in  figure  10  as 
a  function  of  emission  angle  Og.  The  directivity  for  the  static 
jet  is  identical  to  the  one  in  figure  7.  The  SAE  method 
predicts  slightly  lower  levels  than  the  new  [itediction  method. 
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Fiyiue  10;  Ovenll  (ound  preuim  level*  of  a  jet  for  a 
sideline  distance  100  m  as  a  function  of  emission  angle  61, 
idaiive  to  the  negative  jet  axis.  \JJ»a  *  2, 

O.S  m.  ( - )  Mf  at  0,  SAE  method;  ( - )  >  0.23, 

SAE  method;  ( - )  Mf  >  0.23,  new  method. 


This  agrees  with  the  experience  that  the  SAE  method  pro¬ 
duces  an  average  underprediction  of  one  to  two  dB  [7]. 

The  corresponding  spectra  are  plotted  in  the  next  figtites. 
Figure  1 1  shows  for  6^  a  90  degrees  that  the  frequencies  pre¬ 
dicted  by  the  SAE  method  are  reduced  if  compared  to  the 
sialic  spectrum  while  they  are  slightly  increased  with  the  new 
method  due  to  the  influetKe  of  the  stretching  factor  a  *  1.28. 
Figure  12  is  the  corresponding  plot  for  6^  a  30. 


Figure  11:  One-third  ocuve  spectra  of  a  jet  for  an  emission 
angle  9,  =  90  deg  and  a  sideline  distance  of  100  m  in  flyover 

coordinates.  Ui/a,  a  l.J,  2,  Dja  O.S  m.  ( - Mf  a 

0,  SAE  method:  ( - )  Mf  a  0.2S,  SAE  meth^ 

( - )  Mf  a  0.23,  new  method. 


CONCLUSIONS 

The  good  agreement  between  the  measured  sound 
pressure  levels  (see  ref.  8)  and  predictions  with  the  new 
method  can  be  regarded  as  a  proof  for  the  validity  of  the 
aerodynamic  source  model  of  Michalke  and  Michel  (4,3,6] 
which  considers  quadrupole  and  dipole  noise  sources  and  a 
stretching  of  the  source  region  in  flight.  No  "excess  noise"  is 
required  to  explain  the  differetKcs  between  measuremeius  and 


( - ^)M(  a  0J2S,ariv  method. 


predictiaiss.  The  scaliai  law  of  Michallce  and  Michel  for  the 
effect  of  flight  speed  on  jet  mixing  noise  wu  derived  by 
considering  a  source  dimibution  in  a  frame  or  reference  that 
wu  fixed  to  the  aeaxle.  Nevenheleu,  the  motion  of  the 
aeroacooslic  aoutca  wtis  considered  in  the  retarded  time 
differences  by  iineaiag  a  consiam  convection  speed  Uc.  The 
following  two  coodarions  can  be  drawn  fitom  this  source 
modeL 

(i)  The  somee  fteyenry  is  inoeased  propoitknai  to  the 
saeschiiif  faciu  tr  and  reduced  proportional  to  the  rela¬ 
tive  jet  ^e<M 

(ii)  The  stretching  Ikmc  a  plays  a  role  for  the  increase  of 
the  souGS  volaac  sod  the  coheteitce  length  scale  lesnl- 
ting  in  the  sound  penres  being  proportional  to  d4. 

The  observed  chufes  of  the  measused  firrquencies  due 
to  flight  agree  with  con^km  (i).  The  observed  increase  of 
sound  power  it  even  higher  than  that  described  by  conclusion 
(ii).  The  lemaining  difference  wu  described  by  t^chaike  and 
Michel  through  a  tuihutence  intenaity  factor  IT|. 

In  contrast,  scaling  methods  that  discuu  sooice  fie- 
quency  in  a  frame  of  reference  fixed  to  the  obwrver  [2,7] 
result  in  the  fbllowinf  coiKlusions. 

(i)  The  source  frequyy  is  a  function  of  relative  jet 
speed  Uj-Uf  ud  is  nos  inctetsed  ptoponioiuJ  to  the 
siretdiing  Ckmc. 

(ii)  The  stretching  fector  plays  a  role  only  for  the  incieue  of 
the  soutoe  votaos  and  not  for  the  coherence  length  scale 
lesoliing  in  the  sound  power  being  proportion  to  tr 
rather  than  a>. 

None  of  theu  sendtt  have  been  found  in  the  expeii- 
memal  data. 

The  new  method  is  euy  to  implement.  The  modeling 
may  still  be  improved  with  the  availability  of  more  flyover 
daiL  The  foQowuif  aeptavemems  may  be  possible. 

(i)  The  inclusion  of  the  mibulence  intensity  factor  a\  which 
could  even  be  defined  to  include  the  influence  of  instal¬ 
lation  effects  on  the  noimalized  turbulence  imensity  in 
the  jet.  E.g.,  the  turbulence  intensity  inside  a  jet  that  is 
sunnided  by  a  thick  boundary  layer  at  the  end  of  an 
aircraft's  fusd^  is  likely  larger  than  if  the  tame  jet 


ciMiaies  from  a  nonie  in  an  engine  pod  mounted  undet 
a  wing. 

(ii)  The  choice  of  n  s  m  in  eq.  (18)  which  would  be  mon 
coniistem  with  icf.  4. 

(iii)  The  consideration  of  the  influence  of  jet  density  on  con¬ 
vection  speed  and  stretching  factor  a. 

(iv)  The  use  of  the  relative  jet  speed  U{-U(  rather  than  Uj  for 
the  calculation  of  {  in  eq.  (24)  if  the  SAE  method  is 
used  as  a  static  method. 

(V)  The  use  of  the  static  teniperanire  in  the  jet  rather  than 
the  total  temperature  to  describe  the  influence  of  jet 
speed  and  temperature  on  the  ftequerKy  spectra  if  ^ 
SAE  method  is  used  as  a  static  method. 
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APPENDIX:  PREDICTION  FORMULAS 

The  following  input  parametets  ate  requited:  Uj,  Ur.  Tj,. 

To.  to,  Dj. 

Step  1:  Compute  overall  sound  pressure  level  OASPL^o  for 
a  static  jet  with  constant  densi^  for  the  jet  .speed 
Uj  and  the  fully  expanded  jet  diameter  Oj  with  the 
SAE  method  (appendix  A  of  ref.  7). 

Step  2:  Determine  relative  velocity  exponent  m  as  a  func¬ 
tion  of  Uj/ao  and  6^  through  interpolation  of  the 
following  values.  Each  vector  of  the  following 
table  contains  values  for  m  for  >  20  degrees  to 
9,  w  160  degrees  in  steps  of  10  degrees. 


U/a.-l.l: 

m  -  2.0, 2.1, 2.2,  2.3,  2.4,  2.5.  2.6,  2.9, 

3.3. 4.0.4  7. 5.7, 6.3. 7.0.  7.0 
Uj/a.-  1.18: 

ra  -  2.1,  2.2,  Z3. 2.4,  2.5, 2.6, 2.7,  2.9, 

3.4, 4.1, 5.0. 6.0.  7.0.  7.5. 7.4 
U/a.-1.33: 

m  -  2.7,  2.7,  2.8,  2.8.  2.8.  2.8,  3.1. 3.4. 

3.6. 4.1, 4.8. 5.9, 7.0,  7.7, 7.7 
1.47; 

m  -  2.7,  2.6,  2.7,  2.8,  2.9,  3. 1 .  3.2,  3.3. 

3.8, 4.2, 5.2, 6.4, 7,3, 7.7,  7.7 
U/a,-  1.62: 

m  ■  2.8.  2.7.  2.7,  2.8.  3.1.  3.3.  3.3,  3.4, 

3.5, 4.2. 4.9, 6.4.  7.5. 7.8,  7.9 
U/a,  -  1.77: 

m  -  3.0. 2.8,  2.8,  2.8,  3.2.  3.4.  3.6, 3.6, 

4.0. 4.6, 6.0,  7.0.  7.6,  8.1,  8.1 
U/a,  -  1.95; 

m  -  3.7, 3.4,  3.2. 3.4. 3.6. 3.7. 4.0. 4.4. 

4.6. 3.5. 7.2, 8.8. 9.8, 9.7, 9.3 
U/a,  -  2.20: 

m  -  5. 1 . 4.6, 4.3. 4. 1 , 4.0, 4. 1 . 4.5, 4.8. 
5J.6.8,  8.9.10.9.11.7,11.5,11.0 

Step  3;  Detemiine  stretching  factor  a 
O- 1  +  1.4  UfAUj- Uf) 

Step  4;  Compute  ovendl  sound  pressure  level  OASPLr  in 
dB  1^  using  the  following  relation: 

OASPLr -OASPLr. 


-30'%g(l-Mrcos6t,) 


♦  20  ‘^og  9 


Step  5:  Determine  the  Strouhal  frequency  adjustmem  factor 
£  for  a  nonnalized  jet  speed  U/a,  and  9,  with  the 
SAE  method. 

Step  6;  Evaluate  the  relative  sound  pressure  level  SPL  - 
OASPLf  in  a  one-third  octave  band  with  the  SAE 
method  for  a  static  jet  with  normalized  jet  speed 
U/a.  jet  total  temperature  ratio  Tj/T,  for  an 
adjusted  Strouhal  number 


where  WT  is  valid  tor  the  wind  tunnel  situation  and 
FO  for  the  flyover  situation. 


Discussion 


QUESTION  BY:  L..W.  Illston,  BAe,  UK 

Are  Chere  any  ocher  Ilmlcacions  in  Ceras  of  JeC  speed  or  Jec 
Mach  number,  Co  Che  use  of  Che  predlcClon  formulae? 

AUTHOR'S  RESPONSE: 

The  scaling  law  by  Mlchalke  and  Michel  (which  Is  Che  basis  of 
our  predlcClon  scheme)  enables  Che  scaling  of  a  JeC  In  fllghc 
Co  ocher  JeCs  In  fllghc  wlch  dlfferenc  fllghc  speeds  or  Co  an 
equlvalenc  sCaclc  jec.  There  Is  no  llmlc  In  Chls  Cheory 
concerning  Che  Jec  speed  or  jec  Mach  number  buc  Che  scaling 
law  Is  llmlced  Co  small  varlaClons  of  fllghc  Mach  numbers 
becween  Che  jeCs  Co  be  scaled.  There  Is  a  rising  source 
InCerference  error  If  chls  condlclon  Is  noc  mec,  which  means 
ChaC  a  jec  wlch  a  high  fllghc  Mach  number  cannoc  be  scaled 
precisely  Co  a  scaclc  jec.  The  empirical  m-faccor  was 
Incroduced  In  our  paper  co  overcome  Chls  problem.  The  m- 
faccor  was  empirically  found  Co  be  a  funcclon  of  jec  speed 
buC  Ic  may  also  be  a  funcclon  of  jec  cemperacure.  The  m- 
faccors  reporced  In  chls  paper  are  valid  for  che  range  of  jec 
speeds,  jeC  cemperacures ,  and  fllghc  speeds  covered  In  Che 
low-level  fllghcs.  They  are  likely  co  change  for  exoClc  cases 
wlch  very  high  jec  speeds  or  very  high  jec  cemperacures. 

QUESTION  BY:  U.D.  Bryce,  RAE,  UK 

1.  The  Cheory  ChaC  you  have  described  Is  for  pure  jec  mixing 
noise  In  fllghc.  BuC  all  Che  -comparisons  ChaC  I  have  seen 
beCween  your  Cheory  and  experlmencal  measuremencs  use 
engine  noise  daCa  which  can  easily  be  concamlnaced  wlch 
ocher  noise  sources  and  wlch  Inscallaclon  effecCs.  Have 
you  compared  CheoreClcal  resulcs  wlch  jeC  noise 
measuremencs  obcalned  from  'clean'  model-scale  jeCs? 

2.  You  have  previously  applied  Chls  cheory  Co  civil  engine 
noise  aC  fllghc  Mach  numbers  up  0.3.  Whac  changes  havi] 
you  made  Co  your  cheory  Co  ene,blp,  Ic  Co  be  used  aC  higher 
Mach  numbers? 


AUTHOR'S  RESPONSE: 

1.  UnforCunaCely  I  have  noc  yec  compared  che  Cheory  wlch 
laboraCory  daca,  e.g.  chose  you  gave  me.  You  are  rlghc. 
The  comparisons  made  so  far  are  for  published  engine 
daca.  In  Chese  cases,  che  scaling  was  done  becween 
dlfferenc  fllghc  cases  which  presumably  are  subjecC  Co 
Che  same  Inscallaclon  effaces. 

2.  In  che  previous  scudles,  we  used  Che  scaling  law  (e.g. 
eq.  17)  and  looked  up  che  scacic  jec  daCa  for  che  correcC 
effecclve  jec  speed  Ue.  The  changes  made  now  are,  ChaC  we 
use  eq.  (19)  wlch  an  empirical  exponenc  m  Co  be  able  Co 
use  a  sCaCic  jeC  wlch  jec  speed  Uj  raCher  Chan  Ue.  In 
addlclon,  we  used  the  separation  into  quadrupole  and 
dipole  noise  (braces  in  eq.  (19))  to  be  able  to  refer  to 
an  Isothermal  static  jet. 


AD-P007  527 

111111111 


lOENTIFYINa  THE  PRINOPAL  NOISE  SOURCES  OF  FIXED-WINQ 
COMBAT  AIRCRAFT  IN  HIGH-SPEED  FUQHT 


by 

W.D.  BryM  and  R.A.  Pinker  P.  J.R.  Strange 

ORA  Aerospace  Division  Rolls-Royce  pic 

RAE  Derby 

Pyestock,  Famborough  United  Kingdom 

Hampsblre  GU14  OLS 
Unrted  Kingdom 


92-17430 

lUiliiii 


ABSTRACT 

Before  considering  means  for  alleviating  the  noise 
from  modem  military  combat  aircraft  operating  in  high¬ 
speed  low-level  flight,  it  is  important  to  identify  the  principal 
noise  sources.  To  this  end,  a  carefuily-controllad  flight  test 
programme  has  been  carried  out  using  a  Tornado  akcraft  (in 
standard  training  configuration)  operating  at  flight  speeds 
from  0.5M  to  0.8M.  The  major  sources  of  the  aircraft  noise, 
airframe  noise,  installed  jet  mixing  noise  and  jet  shock 
noise,  have  been  successfully  identified,  quantified  and 
correlated. 

AKhough  the  jet  mixing  noise  tends  to  be  the  major 
source  at  low  flight  speeds,  and  the  shock  noise  at  high 
flight  speeds,  all  three  sources  a'S  comparable  in  magni¬ 
tude  during  the  rapid  rise-time  of  the  noise  signal  and  at  its 
peak.  Indeed,  ware  it  possMe  to  reduce  greatly  both  the 
jet  mixing  and  shock  noise,  the  peak  noise  levels  would 
only  reduce  by  about  S  dBA 

1  INTRODUCTION 

During  training,  the  noise  from  military  combat  aircraft 
flying  at  high  subsonic  speed  dose  to  the  ground  can  be  a 
oonskfarabte  nuisance  to  the  people  near  the  fligM  path. 

As  a  first  stop  towards  considering  what  might  be  done  to 
quieten  such  akcraft  it  is  necessary  to  know  the  sources 
of  the  noise  which  are  contributing  to  the  problem.  That  is, 
we  requke  to  be  able  to  identify  artd  quantify  the  principal 
noise  sources  of  the  aircraft.  For  this  purpose,  a  carefully- 
controHad  flight  programme  has  been  canted  out  on  a 
Tornatfo  aircraft,  measuring  its  noise  over  a  range  of  ettgine 
conditions  and  flight  speeds.  The  purpose  of  this  paper  is 
to  analyse  and  correlate  this  data  so  as  to  be  able  to 
quantify  the  levels  of  the  various  aircraft  noise  sources 
which  appear  •  initially  in  terms  of  overall  sound  pressure 
level  (OASPL)  and  than,  having  coneiated  the  spectra,  in 
subjacthra  noise  units  (dBA).  It  is  intended  that  the  source 
modelling  should  be  sufficiently  general  to  enable  the 
individual  noise  sources  of  the  Tornado  aircraft  (in  the  one 
configuration  tested)  to  be  predicted  over  a  wide  range  of 
operating  conditions. 

While  a  knowledga  of  the  aircraft  noise  sources  will 
inevitably  lead  to  conskfaring  the  effect  of  their  reduction,  it 
should  bo  made  clear  that  it  is  net  posskile  to  describe,  in  a 
justifiable  manner,  the  likely  social  impact  of  any  possible 


nolae  changes,  because  of  the  lack  of  a  suitabla  subjective 
noise  unit  to  express  the  disturbance  caused  by  the  type  of 
noise  under  study  here.  For  aircraft  flying  at  high  speed  at 
tow  level,  the  noise  experienced  on  the  ground  dose  to  the 
aircraft  track  is  not  Ike  that  of  a  civil  aircraft  (which  can  bo 
assessed  using  established  subjective  noise  units  such  as 
the  dBA  unit  used  here),  but  sounds  explosive  in  its  initial 
impact.  This  leads  to  a  ’startle*  effect  which  would  be 
expected  to  bo  related  not  only  to  the  peak  noise  level  but 
also  to  the  suddenness  of  its  imposition.  There  is,  as  yet, 
no  means  for  quantifying  human  reactions  to  such  noise. 

2  NOMENCLATURE 

Aj  nozzle  area 

e  ambient  speed  of  sound 

D  directivity  function 

f  frequency 

H  minimum  distance  during  linear  flyover 

M  Mach  number 

m,n  exponents 

OASPLnerm  normalised  overall  sound  pressured  level  (dB) 
OASPLniMt  measured  overall  sound  pressure  level  (dB) 

PR  nozzle  pressure  ratio 

V  velocity 

P  shock  ncise  parameter  (k^-l) 

^  •  Fp  •  9*  aircraft  climb,  pitch  and  engine  angles 
X  ratio  of  flight  to  jet  velocity 

8  noise  emission  angle  (deg) 

winrf-corrected  noise  emission  angle  (deg) 

Suffices 

a  airframe 

g  ground 

i  ]•< 

0  ambient  or  reference 

wirxf 


w 


3  THE  nJQHT  TEST  PROGRAMME 

Similar  tlight  taata  wara  actually  carriad  out  for  two 
aircraft,  a  Tornado  and  a  Hawk,  but  it  is  only  tha  data  from 
tfia  format  aircraft  which  is  baing  studiad  hara. 

Tha  noisa  maasuramants  wara  mada  with  tha  aircraft 
flying  ovar  an  array  of  ground  mictophonaa  at  a  nominal 
ovarhaad  haight  of  450  m.  Although  it  is  tha  noisa  from  low- 
laval  flights  that  posa  tha  main  anvironmantal  problam, 
taking  tha  noisa  maasuramants  undar  such  conditions 
would  posa  savaral  tachnical  dilficultias  for  littia  tachnical 
advantaga.  Aocurata  tracking  of  tha  aircraft  would  ba 
difficult,  tha  noisa  signals  would  hava  to  ba  analysad  at 
high  sampling  ratas,  and  tha  angina  conditions  would  hava 
to  ba  kapt  dosa  to  thosa  raquirad  lor  laval  flight.  On  tha 
othar  hand,  noisa  data  takan  at  a  graatar  haight  can  aasily 
ba  convartad  to  that  at  any  othar  haight  by  calculation.  Tha 
only  panalty  which  is  known  to  ba  incurrad  arisas  from  tha 
proportionataly  graatar  affacts  of  atmospharic  propagatbn 
on  tha  noisa  signal.  Haight  affacts  a/a  axs'  inad  furthar  in 
tha  naxt  saction. 

Tha  stnjctura  of  tha  tast  programma  was  dasignad  to 
ba  abla  to  quantify  tha  axpactad  noisa  sourcas  as  follows. 
Tha  noisa  from  tha  aircraft  airframa  was  to  ba  datarmined 
from  aircraft  glida  data,  with  tha  anginas  at  flight  idla.  Than, 
from  flyovar  data  with  tha  anginas  oparating  at  high 
subcritical  jat  conditions,  it  should  ba  possibla  to  quantify 
tha  jat  mixing  noisa  from  tha  anginas  altar  making  approp- 
rtata  allowartcas  for  tha  known  airframa  noisa.  Than, 
finally,  knowing  thasa  two  sourcas,  tha  shock  noisa  from 
tha  jat  axhaust  could  ba  obtainad  from  llyovars  with  tha 
anginas  oparating  at  high  supar-critical  jat  conditions. 

Hanca,  tha  aircraft  was  flown  ovar  a  matrix  of  tast 
conditions,  oovaring  flight  Mach  numbars  from  O.S  to  0.8, 
and  angina  powars  from  idla  to  maximum  dry.  Tha  aircraft 
was  maintainad  in  a  stabla  condition  during  tha  noisa 
maasuramants  by  allowing  it  to  ascand  or  descand  through 
tha  450  m  ovarhaad  position  as  raquirad.  Soma  flight  data 
was  raoordad  at  75  m  altituda  for  rafaranca. 

Tha  RAE(B)  Tornado  aircraft  was  flown  in  only  ona 
configuration  with  a  standard  training  fit  (two  inboard  tanks, 
two  outboard  pods  and  two  loadad  practisa  bomb  carriers 
on  shoukfar  pylons)  with  tha  wing  swapt  45*.  zaro  flaps  and 
undar-carriaga  up. 

Tha  flight  programma  was  carriad  out  during  October 
and  Novambar  1969  at  RAE  Bedford.  Tha  noisa  measura- 
ments  wara  mada  using  an  array  of  ground  miaophones, 
each  installation  consisting  of  a  hall-inch  Bruel  &  Kjaar  type 
4134  microphone  invanad  7  mm  above  a  point  at  threa- 
quanars  of  tha  radius  of  a  40  cm  diameter  steel  disc  set 
flush  with  tha  surrounding  grassland.  Tha  noisa  data  was 
acquired  from  tha  ground-level  microphone  array  using  the 
Rolls-Royce  'Kabmobile'  mobile  laboratory  which  is 
equipped  with  a  32-channel  data  acquisition  system, 
waathar  monitoring  equipment  and  RF  communications 


aquipmant  The  wind  spaed  and  direction  wara  measured  at 
10  m  above  ground  laval  while  tamparatura  and  dewpoint 
maasuramants  wara  maasurad  at  2  m  height  After 
conditioning,  tha  noisa  signals  ware  recorded  on  a 
SE8000A  tape  raoordar  configured  for  1 5ips  WB1  FM 
operation.  Tha  airaaft  tracking  was  carried  out  using  tha 
RoHs-Royca  alaciro-optical  photographic  tracking  system 
Mk  II.  A  tima^Mtsa  for  both  tha  tracking  and  tha  noisa  data 
was  providad  from  MSF  Rugby  standard  time.  This 
rafaranca  was  also  used  in  the  Tornado  MODAS  on-board 
reconting  system  which,  after  analysis  at  RAE  Bedford, 
was  used  to  provide  aircraft  attituda  and  angina  data. 
RB199  angina  pattormanca  synthases,  to  provide  tha 
angina  jat  conditions,  wara  carried  out  by  Rolls-Royce 
(Bristol)  based  on  tha  flight-racordar  information. 

4  COMPARISON  OF  HIGH  AND  LOW-LEVEL 

DATA 

Carrying  out  a  tast  programme  on  low-laval  flying  at  a 
haight  of  450  m  is  a  feature  in  tha  design  of  tha  present 
programme  which  is  often  queried.  Thera  was,  however,  no 
known  reason  to  doubt  tha  validity  of  tha  arguments  given 
earlier  for  preferring  this  action.  Navarthsless,  it  was 
conskfarad  prudent  to  taka  and  analyse  noisa  maasura- 
ments  from  soma  flights  at  75  m  to  expose  tha  issue 
further. 

From  tha  flights  at  75  m  which  were  successfully 
tracked.  Figs  1  and  2  show  noisa  time  histories  oorractad  to 
refaranoa  atmospharic  conditions  compared  with  data 
scaled  from  450  m  flights.  Tha  noisa  signal  sampling  times 
wara  0.2  and  0.5  s  raspactivaly.  These  ara  tha  only 
comparisons  for  which  tha  flight  speeds,  angina  conditions 
and  wind  speeds  ara  similar.  Tha  high-altituda  data  shows 
greater  short-tami  variations,  particulariy  at  tha  extremities 
of  tha  time  histories,  as  would  ba  expected  from  greater 
atmospharic  propagation  c  stances  and  a  proportionately 
shorter  sampling  time.  (Such  fluctuations  ara  removed  in 
tha  subsequent  analyses  by  smoothing  tha  field-shape 
data  from  savaral  microphones.)  In  Fig  1 ,  there  is  some 
evidence  of  a  slight  timing  error,  but  since  tha  timing  is 
much  more  difficult  with  tha  low-laval  data.  It  is  probable 
that  tha  450  m  data  is  tha  more  correct.  At  tha  higher  flight 
spaed  in  Fig  2.  tha  75  m  time  history  is  siightly  wider  and 
lass  peaky.  Qualitatively,  such  affects  would  be  expected 
from  the  proportionately  longer  sampling  time.  It  is 
therefore  condudad  that  tha  comparisons  do  not  reveal 
any  reason  to  question  the  data  from  tha  chosen  tast 
height. 

5  THE  DATABASE  AND  ITS  USE 

A  complete  list  of  tha  test  point  conditions  is  given  in 
Table  1,  although  only  a  subset  of  this  database,  reflecting 
tha  essential  structure  of  the  test  programme  and  the 
planned  analysis,  has  been  used  for  tha  source  studies. 

The  two  engines  of  the  Tornado  aircraft  are  not  in 
general  operating  at  identical  conditions  and  the  jat 
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propaitiM  ut«d  in  th«  analyM*  ar«  aimpiy  arithmatio 
avartgaa  of  tho  valuaa  for  aach  angina. 

Nota  that  tha  maaaurad  noiaa  iavaia  quotad  ham 
inctuda  tha  6  dB  incraasa  abova  tha  f raa-f laid  iavaia  ariaing 
Irem  tha  uaa  of  ground  miaophonoa. 

Tha  noiaa  aignala  maaaurad  aa  a  (unction  of  tima 
hava  (Man  oombinad  with  tha  aircraft  tracking  data  (that  ia, 
tha  aircraft  position  aa  a  (unction  of  tima)  so  as  to  yiaM  tha 
noisa  Iavaia  aa  a  function  of  tha  aound  amisaion  anglaa 
ralativa  to  tho  aircraft  track.  Tha  noiaa  Iavaia  hava  than 
baan  oorractad  to  losslaaa  conditions  by  allowing  for 
aimoapharic  absorption  ovsr  tha  sound  propagation 
distanca  (using  absoq  ten  ooaffidants,  hara  and 
siaawham  in  this  papar,  fmm  Raf  1 ).  Invaraa-aquara-faw 
eorrsctions  than  snabla  tha  ovarall  aound  praaaura  Iavaia 
(OASPLa)  and  spactra  to  ba  praaantsd  at  a  nominal  (brad 
diatanca  (450  m).  Maan  linsa  hava  baan  drawn  through 
thaaa  fiald  ahapaa,  ovarlakt  for  tha  various  microphonas, 
and  it  is  thaaa  maan  curvss,  road  off  at  IS*,  20*  and  than 
avary  10*  In  amisaion  angla,  which  hava  baan  usad  to 
aaaaaa  tha  noiaa  aoutca  strangths.  Tha  corrospondKrg 
spactra,  that  la  for  a  loaalaaa  atmoaphara,  ars  usad  to 
dalina  tha  aouica  apactral  charactaristics.  Tha  usa  of  a 
pistonphona  to  calibrata  tha  microphonas  during  tha  tasting 
maana  that  tha  notaa  Iavaia  ara  eorractad  intrinsically  to 
ISA  praaaura  at  ground  laval. 

Baeausa  of  background  noiaa  intarfamnca  (including 
tha  aisctronic  noiaa  of  tho  maaauring  ayatam),  particularly 
with  tha  low  noisa  Iavaia  which  occur  at  tha  axtremitiaa  of 
tho  flyovar,  apactral  Iavaia  ara  only  availabta  up  to  a 
Iroquancy  batwoan  1 .5  kHz  and  4  kHz.  Tha  oomputad 
OASPLa  hava,  of  oouraa,  usad  only  valid  apactral  data. 

8  SOURCE  STRENGTH  CORRELATIONS 

For  al  of  tha  sourcos  to  bo  oxaminsd,  tha  approach 
takan  is  to  cormlats  first  tha  sourca  strengths  aa 
rsprasantad  by  tho  polar  losslass  OASPL  (laid  shapas.  and 
than  to  complata  tha  sourca  mobaUing  by  corralating  tho 
noisa  spactra  rotaliva  to  tha  OASPL  at  aach  angla. 

Tho  maaaurad  data  doaa  not  taka  any  account  of  tha 
affacts  of  wind.  Tha  oomponant  of  tha  wind  valocity  along 
tha  aircraft  track  V„  altars  tha  aound  amission  angias  0 
to  eorractad  valuaa  0,  aa  Uiustratod  in  Fig  3a.  For  tha 
prasant  taat  sariaa  in  which  tha  aircraft  ground  spaad  Vg 
variaa  from  150  to  275  m/s  with  wind  spaods  up  to  8  m/s,  tha 
eorrsctions  to  tha  amission  anglaa  (15*  to  160*  )  ara  loss 
than  2*.  Thorn  ia  also  a  corrasponding  changa  to  tho 
OASPLs  amounting,  at  axtmma  angias,  to  around  1  db.  All 
of  tha  data  usad  in  corralating  tha  sourca  stangths  hava 
baan  eorractad  to  wind-lass  conditions  and  tha  corroctions 
hava  baan  appiiad  in  ravsrsa  whan  tha  corrsiatad  lavais  ara 
comparad  with  tha  as-maasursd  data. 


This  wM-oorractad  radiation  angla  Og  naadstobo 
modifiad  whan  it  is  usad  to  oxpmas  tha  directivity  of  tha 
varioua  aourcas.  Airframa  noisa  ia  dafinad  mlativa  to  tho 
aircraft  axis,  which  moans  that,  rafarring  to  Fig  3b, 
conactiona  (or  tha  aircraft  pitch  and  dimb  angias  naad  to 
ba  appiiad,  viz. 

9,  m  . 

Jet  and  shock  noiaa  ara  dafinad  ralativa  to  tha  jot  axis, 
which  is  takan  to  ba  tho  sama  aa  tha  angina  axis,  so  that 

^  . 

For  tha  Tornado  aircraft,  tho  ongina-to-aircraft  angla  0,  is 
-3*.  Note  that  0|  Is  dafinad  ralativa  to  tha  jot  axis  axtanding 
upatroam  of  tha  nozzta,  that  is,  what  is  nomtally  callad  tha 
intako  axis. 

In  tha  subsaquont  analysas  of  tha  aircraft  noiaa,  tho 
sound  amission  angla  6,  ralativa  to  tho  aircraft  track  is 
usad  in  tha  calculation  of  sourca  Oopplar  sffseta  in  tha  form 

(1  -Mgcoae.)  '  . 

Tho  ralavant  flight  spaad  of  tha  airoaft  is  takan  to  ba 
itsairspaad  Vg  (and  Mach  number  Mg)  rather  than  its 
ground  speed  Vg ,  thaaa  airapaad  valuas  having  bean 
obtained  by  subtracting  tha  component  of  tha  wind  velocity 
maaaurad  in  tho  direction  of  (light  from  tha  tracked  ground 
spaad.  This  expression  is  an  approximation.  A  strict 
analyaia  shows  that  with  a  wind  of  Mach  number  M.  tha 
sourca  Oopplar  affect  ia 


(l-MgCoaOg  \ 
laM^cosOg/ 


At  tow  flight  Mach  numbors.  this  relation  can  ba 
approximated  by 

(1  -M,.  cosOg)'* 

which  axpreasas  the  woH-known  result  that  wind  doaa  not 
change  tha  Oopplar  affect  derived  from  the  motion  of  tha 
source  ralativa  to  tha  observer.  But,  at  flight  Mach 
numbors  above  about  0.5,  tha  airspeed-basad 
approximation  usad  hare  is  mors,  and  acceptably, 
accurate. 

Whore  compariaona  ara  made  in  the  following 
ssetiona  batwaan  tho  measured  data  and  that  computed 
using  existing  methods,  tha  noisa  levels  from  tha  latter 
hava  bean  increased  by  6  dB  to  allow  (or  tho  usa  of  ground 
microphonos  and  have  been  increased  by  a  further  3  dB 
whan  jet  and  shock  noise  methods  are  used  to  predict  tha 
noisa  of  tho  twin-anginad  Tornado. 
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9.1  AIrfrairt  nolaa 

Tha  aircraft  glida  data  from  taat  pointa  33, 1 6  and  2S 
wara  axaminad  to  dcfina  tha  airframa  noisa.  With  tha 
anginas  at  (light  idia,  tha  jat  vaiodties  ara  only  about 
35  m/s  highar  than  tha  aircraft  flight  spaads.  Although  this 
doas  not  guarantaa  that  angina-ganaratad  nois . 
nagligibla,  thara  is,  at  laast,  no  ovidanca  of  angina  tonas  in 
tha  glida  spactra.  Furthar  support  for  tha  absanca  of 
angina  noisa  is  givan  latar  by  tha  dominanca  of  airframa 
noisa  (or  tast  point  73  whan  tha  jat  is  oparating  at  a  high 
subsonic  valocity. 

Tha  airframa  noisa  would  ba  axpactad  to  dapand  on  a 
function  of  the  typa 

»<(1-M,ooa0/-O,(ej 

that  is,  on  a  sourca  strangth  tarm  .  whara  n  >  5  for  a 
'daan*  airframa  or  n  •  6  for  a  ‘dirty*  airframa,  modified  to  a 
sourca  convactiva  amplification  corresponding  to  (out 
Dopplar  factors,  and  a  sourca  di/activity  (unction  0.(0^  . 

In  Fig  4,  tha  maasurad  polar  OASPLs  (including  data 
from  tast  point  73)  hava  baan  normalised  to 

OASPLflonn  "  OASPt  ff'ggg  •  50  log  Mg 

♦  40  log  (1  •  M,  cos  0() 

wMa  in  Fig  5  a  similar  normalisation,  but  using  a  sixth* 
power  exponent,  is  shown.  It  can  ba  seen  that  tha  data 
collapsas  quite  wall  in  both  cases  •  tha  range  of  aircraft 
flight  spaads  is  not  sufficiant  to  datarmina  tha  appropriate 
exponent.  It  would  have  bean  of  help  in  resolving  this  issue 
if  tha  tast  programme  could  hava  included  aircraft  glktas  at 
a  tower  Mach  number,  say  0.3. 

An  estimate  of  the  noisa  of  tha  daan  Tornado  airframe 
has  baan  made  using  Raf  2.  This  noise  arises  from  tha  wing 
arKf  tha  tailplana  arfo,  whan  normalised  for  M^  and  con- 
vactiva  effects,  is  compared  with  tha  measurements  in 
Fig  4.  Not  surprisingly,  the  measured  airframa  noisa  is 
generally  higher  than  this  estimate.  The  causa  of  the  fall- 
off  in  the  maasurad  levels  in  tha  extrema  forward  arc  {i»  at 
tow  angles)  is  not  Known,  but  possible  mechanisms  are 
discussed  in  section  9.  Tha  noisa  levels  from  bluff  parts  of 
the  aircraft  cannot  ba  estimated  with  any  accuracy,  but 
Raf  2  indicates  the  shape  of  tha  noisa  field  from  such 
sources  and  this,  whan  normalisad  appropriately,  is  shown 
plotted  in  Fig  S  at  an  arbitrary  level.  These  calculations 
suggest  that  tha  measured  airframa  noise  is  consistent 
with  a  combination  of  components;  the  extreme  forward  arc 
being  dominated  by  tha  ‘clean*  aircraft  sources,  while  bluff 
sources  dominate  in  tha  rear  arc.  Indeed,  tha  measured 
forward-arc  levels  up  to  about  60*  do  collapse  better  using 
a  fifth  power.  Since,  as  will  be  seen  later,  it  is  the  airframe 
noisa  levels  in  tha  extreme  forward  arc  that  are  of  impor¬ 
tance  during  a  flyover,  an  exponent  equal  to  5  is  chosen  for 


correlating  the  data.  This  is  a  rather  surprising  conclusion 
beating  in  mind  the  particular  aircraft  configuration,  with 
under-wing  stores,  used  hare. 

Hence,  the  result  in  Fig  4  defines  tha  polar  sourca 
directivity  Da(6|)  of  tha  airframa  noisa  and  by  fitting  a 
cunre  to  this  data,  the  OASPL  of  tha  airframa  noise  can  be 
quantified. 

6.2  Installed  Jet  noise 

From  an  examination  of  the  spactra,  it  is  avidam  that, 
alter  allowing  for  the  airframa  and  shock  noise  character¬ 
istics,  tha  remaining  noise  is  essentially  broadband.  Thera 
is  no  dear  evidanca  of  tonas  which  might  arise  from  the 
engine  eomprasaots  or  turbines  and  tha  remaining  noise  is, 
therefore,  attributed  to  jet  noisa.  This  is  consistent  with 
previous  practice,  such  as  Raf  3,  although  because  of  the 
posstole  contribution  from  other  broadband  sources,  the 
remaining  noise  is  often  described  as  axhaust  noise. 

It  is  known^  that  tha  presence  of  aircraft  stmetura  in 
the  neighbourhood  of  a  jat  can  change  tha  jat  mixing  noisa. 
In  tha  case  of  a  raar-fusalaga  engine  installation  such  as 
the  Tornado,  it  can  be  expected  that  tha  turbulence  and 
vortices  shad  imo  tha  jet  mixing  region  from  tha  upstream 
airframe  will  give  rise  to  levels  of  jet  noise  higher  than  would 
be  expected  lor  a  jet  operating  in  a  daan  flight  stream. 
Thara  is,  however,  no  available  means  (or  predicting  such 
effects  quamitatively.  Hence,  tha  approach  akan  here  to 
correlate  the  so-called  ‘jet*  noise  is  nacossarily  somewhat 
arbitrary. 

Whereas  it  is  test  points  79.  66  and  73,  at  high  sub¬ 
sonic  jet  velocities,  which  were  intsndad  to  be  used  to 
quantify  the  jat  noisa .  H  has  bean  found  that  all  but  the  first 
of  these  poims  oomain  substantial,  if  not  dominant, 
amounts  of  airframe  noise.  For  test  point  79,  tha 
subtraction  of  the  calculated  airframa  noise  from  the  polar 
lossless  OASPLs  as  shown  in  Fig  6  yields  an  estimate  o* 
the  jet  noisa. 

This  jef  noise  estimate  is  compared  in  Fig  7  with  levels 
of  ‘pure*  jet  noise  calculated  lor  the  jet  conditions  of  test 
poim  79  using  Ref  4  to  obtain  the  levels  that  would  pertain 
statically  and  using  Ref  5  to  compute  tha  static-to-fllght 
noise  redudions.  It  can  be  seen  that  tha  noisa  levels  of 
the  Tornado  suggest  a  partial  redudion  of  the  rear-arc  jet 
none  in  (light  while  there  is  no  redudion,  indeed  a  small 
increase,  in  the  lorwani-arc  levels.  This  result  is  qualitat¬ 
ively  consistent  with  the  behaviour  of  a  rear-fuselage 
engine  installation  (Jet  Provost)  as  described  in  Ref  3,  but 
the  magnitude  of  the  effeds  is  larger  than  has  hitherto 
been  observed.  The  installation  effeds,  defined  as  tha 
increase  of  the  measured  levels  above  those  for  a  pure  jat, 
can  be  seen  to  be  around  10  dB.  The  twin-jet  configuration 
of  the  Tornado  aircraft  is  likely  to  be  significant  in  this 
context  since  the  region  between  the  jets  is  bound  to  ba 
poorly  ventilated  in  flight.  While  It  is  passible  that  tha  large 
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installation  atfacts  could  atisa  soMy  aa  a  oonsaquanoa  of 
tho  intsraction  bstwaan  tha  mixing  ragiona  of  tha  two  jata,  it 
ia  mors  iikaly  that  tha  lack  of  a  smooth  flight  straam 
batwaan  tha  jats  is  also  importsiit 

This  aingla  tast  point  is  insuffidant  to  anabla  tha  jal 
noisa  to  ba  eorralatad  and  othar  data  nsad  to  ba  sought. 
Now  it  can  ba  saan  that  tha  fiald  shapa  of  tha  total  noisa  in 
Fig  6  has  a  ‘doubts  hump';  tha  airframa  noisa,  aa  a 
conaaquanca  of  Ha  rslativaly  flat  sourca  strangth 
incrsaaad  in  tha  fonaard  arc  by  convactivs  amplificaiion, 
causas  tha  fonward  *hump*,  whila  it  is  tha  jot  noisa  that 
paaka  in  tha  roar  arc.  Tha  aama  typo  of  bohaviour  can  ba 
saan  for  tost  condHions  with  suparcrHical  jots  at  tha  lowar 
prsasura  ratios,  aftar  tha  subtraction  of  tha  calculalad 
airframa  noisa,  aa  shown  in  Fig  8.  This  is  bacausa  tha 
shock  ncaa  would  ba  axpactad,  coincidantally,  to  bahava 
similarly  cc  airframa  noisa.  Hsnca,  H  can  ba  condudad  that 
tha  raar-arc  poak  lavsis  in  Fig  8  ara  dcminatad  by  jat  noisa. 

A  mora  axtansivs  databass  for  assassing  tha  M 
noisa  can,  tharafora,  ba  constructad  by  subtracting  tha 
calculatad  airframa  noisa  and  shock  noisa  from  thasa  tast 
pdnts.  Howavar,  H  will  ba  saan  in  tha  naxt  saction  that  tha 
datarminatun  of  tha  shock  noisa  raquiraa  a  knowfadgs  of 
tha  jat  noisa.  Tha  procasa  of  quantifying  both  tha  jot  and 
tha  shock  noisa  ia  thus  an  Harativa  ona.  It  is  tha  obsarva- 
tion  that  tha  two  sourcas  paak  in  diffarant  ragiona  of  tha 
fiakf  that  anablaa  Haration  to  provida  a  raasonably  accurata 
sourca  brsakdown.  Tha  Haratiun  prosasa  will  not  influanca 
tha  analyaia  praaantad  hara  •  tha  shock  noisa  is  simply 
takan  aa  that  to  ba  dasaibad  in  tha  naxt  saction. 

Tha  subtraction  of  tha  calculatad  airframa  and  shock 
noisa  from  tha  axtandod  jot  noisa  databasa  yiaUs  tha  jot 
noisa  lavola  givan  in  Fig  9.  In  ordar  to  improva  tha  con* 
fxlonca  in  this  data,  values  for  tha  jat  noisa  hava  only  boon 
calculatad  whara  tha  total  maasurad  noisa  axcaada  tha 
sum  of  tha  airframa  and  tha  shock  noisa  by  at  toast  3  dB. 

Tha  jal  noisa  would  ba  axpactad  to  dapand  on  a 
funeticn  of  tha  typo 


whara  It  =  rA 
''l 

tha  sacond  tarm  raflacting  tne  incroasa  in  jat  noisa  wHh  jat 
velocity  under  static  condHions  and  tha  third  tarm  raflacting 
the  reduction  of  tha  jat  rwisa  in  flight.  Using  a  manual  form 
of  muRi-variabla  linear  regression,  a  TH  of  tha  envisaged 
function  to  this  data  yields  n  -  6.7  and  a  linear 
dapandanca  of  tha  exponent  m  on  angle,  viz 

m  -  0.07(9j  ■  75)  . 


This  latter  function  givaa  rise  to  noisa  incraaaas  in  tha 
fonvard  arc  in  flight,  a  notse-raducing  exponent  of  unHy  at 
90*,  and  greater  noisa  reductions  in  the  rear  arc.  This 
behaviour  is  broadly  similar  to  tha  qualitative  assessment 
abaady  made  in  Fi  g  7.  If  aU  of  the  axtended  jet  noise 
database  shown  in  Fig  9  is  normalised  according  to 

OASPl^  -  OASPL^-67log  (?)  -10mlog(t  -X) 

the  rasult  uhown  in  Fig  1 0  is  obtained.  The  collapse  of  thb 
jat  noisa  data  can  ba  saan  to  ba  remarkably  gorxl.  Thus  tha 
jat  noisa  Is  takan  to  dapand  on 


tha  last  function  being  dafinad  by  a  curve  fitted  to  tha  jat 
noise  diractivHy  in  Fig  10. 

6.3  Shock  noise 

Tha  shock-associated  noisa  of  an  undar-expanded 
suparcrHical  jet,  or  two,  would  be  expected  to  dapand  on 

Ajp'O-M.cose,)'^ 


and  thus,  as  a  consequence  of  tha  lack  of  any  distinct 
diractivHy  coupled  wHh  strong  convectiva  amplification, 
shock  noisa  bears  some  similarity  to  airframa  noisa  in  Hs 
radiation  pattern. 

Tha  spectra  show  that  the  characteristic  shock  noisa 
spectrum  shape  dominates  the  noise  levels  of  the  test  data 
up  to  angles  of  at  least  60*.  Since,  like  airframa  noisa,  H  is 
the  shock  noise  levels  at  low  forward-arc  angles  that  ara  of 
most  importance  in  high-speed  flyovers,  this  will  help  wHh 
the  quantification  of  tha  shock  noisa.  Nevarthalass,  there 
is  a  contribution  from  jet  noise  in  tha  suparcrHical  jat  data 
and  hence  this  data  has  had  the  calculated  sum  of  tha 
airframa  and  tha  jat  noisa  subtracted  from  H  (wHh  a 
minimum  subtraction  margin  of  2  dB)  before  being 
normalisad  by 

OASPl^  -  OASPl^-  20log(Mf-1) 

>  40iog(1  -M,cose,) 

to  give  the  correlation  shown  In  Fig  1 1 .  There  is  a  raason- 
ablo  collapse  of  tha  forward-arc  levels,  but  there  is  also  a 
substantial  falling-off  of  the  levels  towards  low  angles, 
similar  to  that  obtained  for  airframe  noise. 


Using  th«  appreximata  ralalionship  lot  pradkrting  tha 
shock  noisa  from  stationary  circular  nozzlas  givon  in  Raf  6. 
tha  nomialisad  shock  noiss  would  bo  axpactad  to  hava  a 
uniform  polar  diractivity  at  a  lavaf  about  4  dB  highar  than 
tha  lavaf  ofalainod  frem  Fig  1 1 .  Howavar,  Rat  7  shows  that 
tha  sourca  strangth  of  shock  noisa  (from  unhaatad  jats) 
can  raduco  in  flight,  aspacially  whan  tha  jat  is  oparating  at 
tha  ralativoly  low  prassuro  ratios  axpariancad  hara. 

Hanca,  thara  is  no  roason  to  suspact  that  tha 
normalisad  shock  noisa  cannot  ba  dascribad  adaquataly  by 
a  moan  curva  of  tha  typa  shown  in  Figl  1 . 

6.4  Corralatlon  quality 

Tha  goodnass-ol-fit  of  tha  noisa  oorralations  can  bast 
bo  assassad  by  comparing  maasurad  and  pradictad  tima 
historias  lor  flight  at  75  m  abova  tha  ground  sinca  it  is  in 
such  circumstancas  that  tha  noisa  sourca  braakdowns  ara 
intondad  to  ba  ussd.  Bacausa,  in  ganaral,  tha  aircraft  tast 
conditions  ara  such  that  it  cannot  actually  oparata  in  laval 
IlighI  at  tha  salactad  conditions,  tha  tima  historias  ara 
oomputad  for  a  llnsar  flyovar  at  a  75  m  minimum  distanca. 

Such  ‘maasurad*  tima  historiaa  can  ba  computed  from 
tha  avaragad  losslasa  OASPL  liald  shapes.  It  is  only 
nacassary  to  convert  back  to  tima  from  angle  and  to  add  to 
tha  noisa  levels  tha  appropnata  invarsa-squara-law 
correction 


Tha  individual  source  OASPLs  computed  from  tha 
normalisad  sourca  characteristics  as  a  function  of  the 
amission  angle  6,  can  ba  expressed  on  a  time  axis.  Since 
tha  maasurad  tima  histories  contain  the  affects  of  the  wind 
at  tha  tima  of  tha  test,  tha  Invarsa-squara-law  corrections 
to  tha  computed  OASPLs  need  to  induda  tha  addition  of 
tha  wirKf-alfact  term. 

Figs  12, 13  and  14  presanl  sanipis  comparisons  of  tha 
measured  and  computed  tima  historias.  Tha  airframe 
noisa,  in  Fig  12,  agrees  wall  with  tha  maasurad  data, 
although  for  soma  other  points,  in  Fig  13  for  example,  it 
seams  to  ba  high  in  tha  extrema  forward  arc.  This  is 
oonsidsrsd  to  ba  a  significant  observation  and  will  ba 
discussed  further  in  section  9.  Tha  jet  and  shock  noise 
levels  generally  agree  remarkably  well  with  tha  measured 
data,  aspacially  In  the  parts  of  the  tima  histories  where  they 
dominate.  It  can  ba  seen  that  tha  initial  rapid  rise  in  tha 
llyovar  noise  is  determined  by  tha  airframe  and  shock  noise 
radiated  forwards  at  low  angles,  less  than  40*.  to  the 
aircraft  and  that  tha  jat  noise  only  dominates  once  the 
aircraft  has  passed  overhead. 


H  is  concluded  that  tha  analytical  models  chosen  to 
dascriba  tha  strengths  of  tha  individual  sources  rapresent 
tha  noise  characteristics  of  tha  aircraft  satisfactorily. 

7  SPECTRAL  CHARACTERISTICS 

The  purpose  of  undertaking  a  quantitativa  examina¬ 
tion  of  the  noisa  spectra  is  two-fold.  Firstly,  tha  under¬ 
standing  of  tha  aircraft  noise  sources  can  ba  extended 
and,  secondly,  by  oorralating  the  spectral  characteristics, 
the  aircraft  noise  levels  ca.i  ba  predicted  in  subjective 
unite. 

7.1  Airframe  noise 

Some  of  the  spectra  from  tha  aircraft  glides  show 
dear  evidenoe  of  tonal  ‘spikes*;  such  observations  ara  a 
common  oocurrenca  with  airframe  noisa  measurements  on 
real  aircraft  and  do  not  prevent  tha  airframe  noisa  being 
treated,  adequately  for  present  purposes,  as  broadband  in 
nature. 

Since  tha  aircraft  configuration  remains  constant,  its 
noise  spectra  would  ba  expected  to  correlate  witii  a  source 
Strouhal  number  modified  by  a  Oopplar  frequency  shift,  that 
is,  by 

St  .  il(1  -M,eosej  , 

where  <  is  a  characteristic  dimension  of  tha  aircraft 
Together  with  the  earlier  assumption  that  the  strength  of 
each  component  of  the  airframe  noise  varies  according  to  a 
similar  exponent  of  the  flight  Mach  number,  it  follows  thai 
although  the  shapes  of  the  airframe  noise  spectra  can  vary 
with  angle  as  a  consequence  of  differing  source  directivi¬ 
ties,  they  should  remain  similar  at  a  given  angle  as  the  flight 
speed  is  changed.  The  spectra  do  indaod  seem  to  exhibit 
this  trend.  However,  the  spectra  in  the  rear  arc  show  a 
‘double-hump*,  indicating  distinct  low  and  high-frequency 
noise  sources,  and  it  Is  evident  on  closer  examination  that 
the  frequency  relationship  between  these  two  sources 
does  not  remain  constam.  For  test  point  16.  for  example, 
the  spectra  at  45*  and  139*  should  shift  by 

1  -0.63  cos  139* 

1-0.63  cos  45* 

that  is,  by  a  factor  of  2.7  (equivalent  to  4.3  third-octaves). 
From  the  spectral  comparisons  in  Fig  IS,  it  can  ba  seen  that 
while  the  low-frequency  source  behaves  in  a  manner  con¬ 
sistent  with  such  a  frequency  shift,  the  high-  frequency 
source  does  not,  indeed  it  seems  to  remain  constant  in 
frequency  -  a  conclusion  which  also  holds  at  other  flight 
speeds.  The  reason  lor  this  peculiar  behaviour  of  the  high- 
frequency  source  is  not  known  but  is  discussed  later  in 
section  9.  The  amplituda  of  each  of  the  sources  remains 
roughly  constant  relative  to  tha  OASPL  at  each  angle. 
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H«nc«  lh«  tpactra  hav*  baan  oorralatad  at  a  com¬ 
bination  of  tvw>  toutcaa,  a  low-fraquancy  sourca  which 
bahavat  in  a  plauaibla  mannar  in  both  amplituda  and 
fraquancy,  and  a  high-frequancy  sourca  which  although 
varying  in  strangth  according  to  a  fixad  axponant,  ramains 
constant  in  fraquancy.  Avaraga  spactral  shapas  for  aach 
of  tha  sourcas  hava  baan  produced  by  ovarlaying  savaral 
of  tha  maasurad  spactra.  Comparisons  batwaan  maasurad 
and  pradictad  spactra  show  that  although  tha  agraamant 
cannot  ba  dascribod  as  pracisa,  it  should  ba  sufficiantly 
good  to  anabla  a  raasonabla  modalling  of  tha  affacts  of 
atmospharic  absorption. 

7.2  Inalallad  ]at  nolaa 

Tha  spactra  for  last  point  79.  tha  only  ona  dominatad 
by  jat  noisa  at  most  anglas,  do  not  show  any  oonsistant 
variation  In  shapa  with  angla.  For  axampla,  tha  spactra  do 
not  baooma  obviously  paakiar  at  high  anglas  as  would  ba 
axpactad  for  pura  jat  noisa.  Indaad,  dafining  tha  spactra 
ralativa  to  tha  OASPL  at  aach  angla,  it  has  baan  found  that, 
with  a  suitabla  shift  in  fraquancy,  tha  spactra  at  other 
angles  can  ba  overlaid  on  tha  90*  spectrum  as  illustralad  in 
Fgl  6a.  Tha  pura  jat  noisa  spectrum  (at  90*)  shown  on  this 
diagram  has  baan  plotted  ralativa  to  tha  OASPL  of  tha 
airaaft  noisa  and  shows  that  tha  jat  noisa  installation 
affects  ara  least  at  low  frequencies  as  would  be  axpactad. 

This  spactral  collapse  was  used  as  tha  basis  for 
correlating  tha  jat  noisa  spectra.  A  mean  curve  was  drawn 
through  tha  overlaid  spactra  and  tha  frequency  shifts 
required  to  obtain  tha  collapse  ware  plotted  as  shown  in 
Fig  1 6b.  In  order  to  predict  tha  jat  noisa  at  other  con¬ 
ditions,  tha  assumption  was  made  that  tha  jet  noisa 
fraquencias  will  depend  on  a  Strouhal  number  based  on  tha 
absolute  jat  velocity.  This  is  consistent  with  the  behaviour 
of  pura  hot  jats^  and  is  considarad  to  ba  a  plausible 
supposition  for  tha  present  type  of  installed  jet  noisa.  On 
this  basis,  raar-arc  jet  noise  spectra  at  oti.er  (suparcritical 
jet)  conditions  can  be  related  in  frequency  to  the  90* 
spectrum  for  test  point  79.  yielding  the  additional  points  in 
Fig  16b.  Curve-  fitting  the  resulting  trend  completes  tha 
corralation. 

7.3  Shock  noise 

In  Raf  7  It  is  suggested  that  the  spectrum  of  shock- 
associated  noisa  can  ba  approximated,  particularly  in  the 
forward  arc,  by  a  triangular  shape  which  rises  at  20  dB/ 
octave  to  a  peak  at  frequency  fg  and  then  reduces  in  the 
high  fraquencias  at  between  about  2  and  4  dS/octave.  A 
value  of  3.6  has  been  chosen  as  being  broadly  suitabla  for 
tha  Tornado  data. 

Ref  7  gives  a  formula  for  the  frequency  I,  and  this  is 
compared  with  samples  of  the  present  data  in  Fig  17.  In 
Fig  17a,  the  depandenco  of  the  shock  frequency  on  its 
emission  angle  is  compared  for  the  data  at  the  highest 
available  pressure  ratio,  test  point  27.  Bearing  in  mind  that 
It  is  difficult  to  determine  tha  measured  frequency  to  batter 


than  haV  a  ihird-octavs,  tha  agraamarn  between  tha 
maasurad  and  calculated  values  is  remarkably  good.„ln 
Fig  17b,  tha  affect  of  pressure  ratio  on  tha  shock 
frequency  is  examined  at  a  particular  amission  angla,  the 
nearast  to  40*  for  each  test  point.  This  plot  does  not 
produce  a  unique  curve  because  of  tha  varying  flight  Mach 
numbers.  Tha  agreement  is  again  very  good. 

Tha  shock  noisa  spectrum  is  therefore  defined 
according  to  tha  aquations  from  Ref  7,  tha  spactral  levels 
being  sat  by  tha  need  to  match  the  required  OASPL 

7.4  Corralation  quality 

Ptocaading  in  a  similar  manner  to  that  describad  in 
section  6.4,  measured  and  computed  time  histories  for 
linaar  flyovers  at  a  75  m  minimum  distance  can  ba 
compared.  In  this  instance,  however,  tha  comparisons  ara 
made  not  at  lossless  atmospheric  conditions  but  for  a 
standard  atmosphere  (ISA  pressure  and  temperature,  and 
70^  relative  humidity).  In  addition,  the  noisa  levels  can 
now  ba  compared  in  dBA  units. 

Tha  souica  strength  and  spectral  correlations  enable 
absolute  spactral  levels  to  ba  calculated  which,  after 
applying  atmospheric  absorption  corrections  over  a  - 
propagation  distance  of  75/sin  0  m  and  the  appropriate 
subjacthre  weighting,  can  ba  summed  to  yield  tha  dBA 
noise  levels.  Similar  calculations  are  performed  on  the 
measured  data,  that  is,  to  convert  the  data  corrected  to 
lossless  conditions  to  dBA  levels  in  a  standard 
atmosphere. 

Sample  results  are  presented  In  Rgs  18, 19  and  20. 
Comparing  these  results  with  those  for  the  sourca  strength 
terms  alone  given  in  Figs  12, 13  and  14  shows  that  there  is 
only  a  slight  deterioration  in  the  quality  of  tha  modelling. 

Tha  general  observation  can  be  made  that  an 
important  effect  of  the  real  atmosphere  is  to  steepen  tha 
rise  time  of  the  noisa,  and  hence  exacerbate  the  startle 
effect.  This  arises  because  the  aircraft  noise  bt  shallow 
angles  propagates  over  a  long  distance  and  is  reduced  by 
atmospheric  attenuation,  particularly  in  tha  high 
frequencies  to  which  the  human  ear  is  more  sensitive  - 
thus,  as  the  aircraft  approaches.  Its  level  is  rising  not  only 
because  it  is  getting  closer  and  because  its  inherent  source 
strength  is  increasing,  but  also  because  tha  absorption  of 
the  atmosphere  is  reducing. 

Thera  is  remarkably  little  change  in  tha  ralativa  levels 
of  tha  sources.  The  spectra  of  all  three  sourcas  tend  to 
peak  at  frequencies  around  1  kHz  and,  as  a  consequence, 
the  effects  of  atmospheric  absorption  and  subjective 
weighting  are  similar. 

8  SOURCE  BALANCE  IN  LEVEL  FLIGHT 

The  sourca  modelling  which  has  been  established  can 
be  used  to  determine  the  aircraft  noisa,  and  particularly  the 


r«<«tiv«  impottmnc*  of  th«  individual  noisa  aourcat,  whan  it 
it  flying  at  a  constant  height  at  various  spaads.  First 
howavar.  It  is  nacassary  to  find  tha  jat  conditions  (vaiocity 
and  Mach  numbar)  raquirad  to  maintain  laval  fUght 

Tha  laval-flight  jai  conditions  hava  baan  obtained  from 
an  interpolation  of  tha  aircraft  flight  data  acquired  in  tha 
present  programma.  In  staddy-stata  conditions,  tha  dimb 
angle  of  an  aircraft  is  related  to  tha  balance  between  its 
drag  and  its  net  thrust.  Tha  aircraft  drag  will  vary  with  tha 
airspeed  dynamic  head  which  is  a  function  of  tha  square  of 
tha  flight  numbar  M( .  Without  rahaat,  tha  Tornado 
angina  operates  at  a  fixed  nozzle  area  so  that  tha  net 
angina  thoist  can  be  expressed  as  a  furxttion  of  tha  jet 
Mach  number.  This  latter  function  contains  a  temperatura 
ratio  term  but  this  changes  littia  over  tha  level-flight 
operating  conditions  of  tha  aircraft  It  is  thus  possible  to 
plot  all  of  tha  test  points  flown  against  these  thnrst  and 
drag  parameters,  to  annotala  each  point  according  to  tha 
aircraft  climb  rata  (which  is  chosen  in  prefarenca  to  climb 
aitgla  because  of  wind  affects)  and  then  to  interpolate  this 
data  visually  to  obtain  a  line  corresponding  to  zero  dimb 
rata.  An  engine  performance  synthesis  was  used  both  to 
obtain  tha  jet  velodtias  from  the  jat  Mach  numbers  and,  in 
conjurMlion  with  aircraft  performance  data,  to  provide  an 
irKfapendant  cross-check  of  tha  results. 

The  jat  conditions  at  flight  Mach  numbers  cf  0.5. 

0.65  and  0.8  hava  been  used  to  compute  dSA  time 
histories  for  75  m  flyovers  in  a  standard  atmosphere. 

Such  computations  carried  out  hitherto  in  this  paper 
express  the  noisa  levels  as  they  were  measured,  that 
is,  with  ground-level  microphonas  which  causa  a 
uniform  increase  of  6  dB  in  the  free-field  noise  levels. 

While  this  is  one  of  the  best  ways  to  measure  aircraft 
noise  from  a  technical  point  of  view,  it  does  not  give 
noise  levels  which  are  representative  of  what  a 
listener  would  actually  hear.  The  ground  refledion 
affects  which  occur  with  a  person  standing  in  the 
open  are  complex*  but  hare,  where  the  source  noise 
is  mainly  of  high  frequency,  they  can  be  approximated 
by  adding  3  dB  to  the  free-field  noisa  levels.  Hence, 
the  results  shown  in  Figs  21  to  24  hava  had  3  dB 
subtraded  from  tha  calculated  spedral  levels. 

At  the  lowest  speed,  the  jets  are  subcritical, 
there  is  no  shock  none  and  tha  installed  jet  noise  is 
the  principal  source.  At  0.6SM,  a  typical  condition  lor 
low-level  Tornado  operations,  all  three  sources  are 
comparable  in  magnitude  in  what  are  judged  to  be  the 
subjedively  important  parts  of  the  time  history,  the 
rising  and  peak  regions.  Note  tha  substantial 
increase  in  tha  noise  rise-rate  which  increases  further 
at  the  highest  flight  Mach  number.  At  this  latter 
condition,  tha  jet  shock  noisa  is  the  most  important 
source,  but  tha  other  noise  components  are  not 
negligible.  In  tha  context  of  the  startle  effect  of  the 
flyovar  noise,  it  may  be  significant  to  observe  that  it  is 
shock  noise  that  causes  the  steepest  signal 
rise-times. 


Fig  24  shows  how  the  peak  noisa  level  of  each 
source,  and  the  peak  of  tha  total  noise,  varies  with 
Mach  numbar.  Because  these  peaks  occur  at 
different  times  during  the  flyover,  tha  individual  noise 
levels  cannot  simply  be  added  to  give  the  total  noisa. 

It  can  be  seen  that  although  it  is  the  installed  jet  noise 
and  than  tha  shock  noise  that  dominate  tha  airaaft 
noise  as  its  speed  is  increased,  the  airframe  noisa  is 
not  a  nsgligibla  component  and  its  contribution  would 
soon  become  important  if  means  were  found  to  reduce 
the  jat  or  the  shock  noisa. 

The  rise  time  of  tha  noisa  signals  is  not  a  feature 
which  has  been  addressed  so  far.  It  is  difficult  to 
make  accurate  measurements  from  single  time 
histoifas.  However,  tha  source  modelling  enables  this 
issue  to  be  examined  with  a  reasonable  precision  and 
the  time  histories  in  Figs  21  to  23  form  a  useful  basis. 
There  is,  as  yet  no  agreed  means  for  expressing  tha 
rise  time  of  a  flyovar  noisa  signal.  While,  for  subjac- 
tivo  applications,  it  may  be  desirable  to  define  tha  rise 
time  as  that  taken  to  rise  from  a  specified  noisa  laval 
to  the  peak  of  tha  time  history,  this  type  of  definition 
makes  any  analytical  formulations  vary  difficult. 

Thus,  the  approach  taken  here  is  to  use  the  maximum 
rata  of  rise  of  tha  signal.  From  Fgs  21  to  23,  tha 
maximum  slopes  of  the  approach  noisa  signals  have  . 
been  measured  as  25, 47  and  83  dB/s  for  flight  Mach 
numbers  of  0.5,  0.65  and  0.8  respectively. 

The  rapid  Increase  in  these  rates  with  increasing 
speed  b  expected  on  theoretical  grounds.  From  an 
analysis  of  this  issue  based  on  the  directivity  and 
convective  amplification  terms  of  the  airframe  and  shock 
noise,  it  can  be  shown  that  the  maximum  rise-rate  is 
estimated  to  vary  as 
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H  (1  -  0.87  MJ 


dB/s  . 


The  constant  of  proportionality  in  this  expression  has  been 
determined  from  the  experimental  data.  The  formula  is  only 
valid  for  tha  Tornado  at  high  subsonic  flight  speeds. 

9  DISCUSSION 

9.1  Forward-are  source  directivities 

The  field  shapes  of  the  airframe  and  shock  noisa,  as 
expressed  by  Figs  4  and  1 1 ,  show  a  substantial  falling-off 
of  tha  levels  towards  low  forward-arc  angles.  At  20*  ,  tha 
reduction  seems  to  be  around  10  dB  for  the  airframe  noisa 
and  15  dB  for  tha  shock  noisa.  Tha  jet  noise  in  Fig  6  shows 
little  sign  of  the  effect  although  there  is  only  one  test  point. 

The  obsenrations  saems  to  be  genuine  insofar  as  an 
assessment  of  possible  timing  errors  or  sampling  time 
effects  has  not  revealed  a  likely  explanation. 
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Th«  oocurranc*  o(  th«  aHact  on  last  points  takan  on 
ditfarant  days  and  with  dHfarant  wind  valociiias  aiiminatas 
wind  or  tamparatura  gradiants  in  tha  atmosphara  as  tha 
causa. 

Tha  possibility  of  tha  affacts  arising  from  shallow- 
angla  propagation  ovar  tha  ground,  tha  so<allad  ‘axtra 
ground  corraction*,  has  baan  disoountad  bacausa  this 
affaci  is  only  significant  for  angles  of  a  few  dagraas*. 

Tha  similarity  of  tha  high  and  low-laval  time  histories  in 
Figs  1  and  2  indicates  that  tha  phanomanon  is  not  strengly 
dapandent  on  propagation  distance.  This  leads  to  tha 
considaration  of  aircraft  ffow-fiald  affacts  as  an  explana¬ 
tion,  that  is,  that  tha  forward-propagating  sound  field  is 
being  distorted  by  tha  airflow  ovar  tha  aircraft.  Tha  airframe 
noisa  diractivity  in  Fig  4  doas  suggast  that  tha  affect  may 
not  exist  for  raanwards-propagating  noise.  This  is 
obviously  a  more  likely  explanation  for  shock  noise, 
located  at  tha  rear  of  tha  airoaft,  than  it  is  for  airframe 
noisa.  But  it  has  baan  suggested  that  tha  forward-arc 
airframe  noisa  is  generated  by  tha  wing  and  tha  affectiva 
source  position  of  wing  noisa  would  be  expected  to  be  near 
the  wing  trailing  edge.  Perhaps  jet  noisa  doas  not  show  the 
affact  bacausa  of  the  distributed  nature  of  its  source. 

Tha  distortion  of  angina  noisa  radiation  by  tha  aircraft 
flow-field  is  known  to  occur  in  soma  special  drcumstancas 
(noise  refraction  by  wing-tip  vorticas,  for  axampla)  and  is 
believed  to  contributa  to  observed  differences  between 
aircraft  flyover  and  skfaiina  noisa  measurements.  Although 
tha  data  given  in  Ref  10  on  tha  latter  issue  is  not  directly 
applicable  here,  tha  broad  similarity  of  tha  observed  affects 
does  confirm  a  possible  causa. 

It  is  difficult  to  sea  how  this  explanation  might  be 
validated.  Ideally,  tests  would  be  carried  out  with  a  stable 
noisa  source  fixed  to  tha  front,  and  then  to  the  rear,  of  the 
aircraft.  Such  tests,  even  at  model  scale  in  a  wind  tunnel, 
would  not  bo  easy.  It  would  be  a  simpler  proposition  to 
consider  tasting  with  and  without  the  undercarriage  lowered 
in  aircraft  glides,  which  might  at  least  demonstrate  that  a 
source  in  such  a  position  does  not  exhibit  the  phenomaron. 

9.2  Interpreting  tha  glide  data 

Two  observations  made  in  the  course  of  the  analysis 
raise  doubts  as  to  whether  tha  noise  measured  from  the 
aircraft  glides  is,  in  fact,  all  generated  by  the  airframe. 

Rrstly,  tha  high-lreguoncy  component  evident  in  tha 
airframe  noisa  spectra  doss  not  seam  to  exhibit  a  Doppler 
frequency  shift  (section  7.1  refers).  Taken  at  face  value, 
this  Implies  that  the  noise  source  is  essentially  stationary 
in  space.  Such  a  source  could  exist  in  the  turbulent  wake 
shed  from  the  aircraft,  but  it  seems  unlikely  that  its 
strength  could  be  significant  and,  being  quadrupole  in 
nature,  its  relative  strength  would  vary  markedly  over  the 
range  of  flight  speeds  tested.  Thera  is,  however,  a  more 
likely  explanation.  In  the  glide  tests,  the  jet  velocity  is 


similar  to  the  aircraft  speed.  At  a  flight  speed  of  210  m/s, 
for  example,  the  jet  velocity  is  2S0  m/s.  With  ideal 
aerodynamic  flows,  this  would  mean  that  tha  jet  noise 
levels  would  be  negligible.  But,  with  a  turbulent  jet  flow  and 
with  the  non-uniform  flow  surrounding  the  jet,  arising  from 
the  boundary  layers  and  vorticss  shed  from  the  upstream 
aircraft  structure,  it  may  be  that  there  will  be  substanlial 
lurbulanca  in  the  mixing  layer  between  tha  jar  and  tha 
ambient  air,  and  this  turbulence  will  have  low  mean  velocity 
relative  to  the  ground.  While  this  argument  is  relevant  to 
the  whole  of  the  jet  mixing  layers,  it  is  likely  to  be  most 
strongly  applicabla  to  the  imerface  region  between  the  twin 
Jets.  The  rgumant  is,  therefore,  simply  an  extension  of  the 
discussion  already  made  in  section  6.2  concerning  the 
large  jet  installation  effects  observed  at  a  higher  jet 
velocity.  To  the  authors'  knowledge,  there  is  no  (model- 
scale)  test  data  on  installed  turbulent  jets  operating  at  high 
llight/jet  speed  ratios  which  could  be  used  to  substantiate 
this  proposition. 

This  mechanism  would,  however,  seem  to  explain  a 
second  observation  -  that  made  in  section  6.4  concerning 
the  apparent  over-estimation  of  tha  airframe  noise  in  Fig  13, 
lor  example.  The  mechanism  described  is,  in  essence,  a 
jet  noisa  source  and  it  is,  therefore,  strictly  incorrect  to 
indude  this  source  when  the  jet  is  operating  ’normallyr. 

Tha  jet  noise  has  been  correlated  in  a  form  which  causes 
its  strength  to  become  negligibla  as  the  flight  spaed 
approaches  the  jet  speed.  Tha  proposed  mechanism  is 
suggesting  that  this  formulation  is  Incorrect  and  that  the  jet 
noise  is  ‘bottoming  out*  at  a  level  set  by  the  high-frequency 
component  of  the  so-called  airframe  noise. 

However,  this  interpretation  does  not  fundamentally 
altar  the  relevance  of  the  type  of  jet  noisa  correlation  which 
has  been  established.  Indeed,  it  Is  important  to  appreciate 
that  the  airframe  or  ’glide*  noisa,  as  defined  in  this  paper, 
still  represents  the  noise  *floor*  that  would  be  reached  if  the 
jet  and  shock  noise  ware  able  to  be  reduced. 

9.3  The  results  and  their  Implications 

In  essence,  the  results  of  the  programme  are 
represented  by  the  source  breakdowns  tor  level  flight 
illustrated  In  Figs  21  to  2a.  The  most  relevant  result  is  that 
shown  In  Fig  22  for  a  typical  operational  flight  Mach  number 
of  0.65.  In  interpreting  these  results,  the  conclusion  of  tha 
previous  section  should  be  borne  in  mind,  that  is,  that  the 
true  level  of  the  airframe  noise  may  be  a  few  decibels  lower 
than  that  shown  which  is  nevertheless  the  minimum  noisa 
for  the  aircraft  configuration  under  study.  Broadly,  the 
flyover  noisa  characteristics  evident  from  the  results  are 
as  follows. 

As  the  flight  speed  is  increased,  the  peak  noisa  level 
increases  as  doss  tha  rata  of  rise  of  the  flyover  noisa. 

Shock  noisa  from  the  jet  has  the  most  rapid  rate  of  rise. 

Although  the  jet  noise  tends  to  be  the  principal  source 
at  bw  flight  speeds,  and  the  shock  noise  at  high  flight 


tpMds,  all  thraa  aourcas  art  oomparabla  in  magnituda 
during  tha  risa^ima  at  tha  noisa  signal  and  at  its  paak. 

War#  it  possibla  to  graatly  raduca  both  tha  jat  mixing 
and  shock  noisa,  tha  paak  noisa  lavals  would  only  raduca 
by  about  5  dBA.  Radudng  aithar  tha  jat  noisa  or  tha  shock 
noisa  alona,  would  hava  littia  alfact  at  0.6SM. 

Tha  valua  ol  any  possibla  noisa  changa  is  difficult  to 
assass  bacausa  of  tha  lack  of  a  subjactiva  noisa  unit  which 
not  only  raflacts  tha  paak  noisa  laval,  but  also  tho 
suddannass  of  its  occunanca.  On  tha  basis  of  thair 
parsonal  axparianca,  tha  authors  ara  indinad  to  tha  viaw 
that,  lor  flights  at  0.65M  at  laast,  it  is  tha  staitia  alfact  that 
causas  tha  most  disturbanca  and  that  any  maans  to 
allaviata  it,  avan  without  altaring  tha  paak  noisa,  would  ba 
halpfuL  Thus,  on  tha  basis  that  lowar  risa  timaa  and/or 
noisa  lavals  ara  dasirabla,  soma  practical  implications  ara 
drawn  from  tha  rasults. 

Tharo  would  soam  to  ba  littia  soopa  lor  reducing 
staitla  by  oontroiling  tha  rtsa  time  ol  tha  airaalt  noisa.  Tha 
risa  time  is  dapandant,  firstly,  on  operational  factors,  tha 
aircraft  spaed  ano  haighL  Tha  startle  affect  could  ba 
reduced  simply  by  flying  slower  and/or  higher,  but  this 
would  not  only  obviate  tha  operational  training  objective  of 
tha  low-laval  flying,  but  would  also  incraase  tha  aircraft 
noisa  lavaia  axpariartcad  further  from  tha  track.  Secondly, 
tha  risa  time  is  thought  to  ba  exacarbatad  by  tha  aircraft 
ftow^iald  aa  discussed  above,  but  this  is  not  a  machanistTi 
omanabla  to  control.  Thirdly,  tha  risa  time  depends  on  tha 
atmospheric  conditions  as  a  consaguanca  of  tha  raduong 
absorption  of  tha  approach  noisa  •  again  not  a  controllabla 
parameter.  And,  finally,  tha  risa  time  depends  on  tha 
dominant  sourca  insofar  as  shock  noisa  is  obsanred  to  risa 
most  steeply.  At  a  Mach  number  of  0.65,  the  strength  of 
tha  shock  iioise  is  such  that  it  is  doubtful  whether  its 
elimination  would  ba  of  great  benefit,  but  it  would  ba  a  move 
in  tha  right  direction. 

Tha  lack  of  ability  to  control  tha  rise  time  of  tha 
aircraft  noisa  leads  to  tha  idea  of  attaching  a  forward- 
radiating  noisa  source  to  the  aircraft  with  tha  sola  objective 
of  providing  a  warning  of  its  approach.  Because  of  the 
raquirad  directionality,  such  a  sourca  would  not  need  to 
hava  a  high  acoustic  power  and  it  might  avan  ba  driven  by 
the  flight  airstraam.  It  is  interesting  to  note  that  tha  present 
understanding  of  aircraft  flow-field  effects  would  suggest 
that  a  forward-mounted  sourca  might  easily  dominate  tha 
forward-radiating  noisa  from  tha  whole  aircraft. 

Reducing  both  jat  and  shock  noise  is  estimated  to 
give  a  maximum  reduction  of  5  dBA  in  the  peak  noise.  A 
reduction  of  this  magnitude  in  tha  flyover  ncise  from  a  civil 
aircraft  would  ba  clearly  audible  and  would  be  expected  to 
result  in  a  useful  reduction  in  tha  number  of  complaints. 

But  it  is  questionable  whether  a  similar  outcome  can  be 
expected  in  tha  present  situation,  at  least,  under  the  flight- 
path.  Such  benefits  would,  of  course,  acaue  to  tha  side  of 
tha  aircraft  track  where  tha  startle  effects  ara  reduced. 


A  means  for  achieving  soma  reduction  in  both  tha  jat 
mixing  noise  and  tha  shock  noisa,  which  proved  of  soma 
value  lor  Concorde,  is  to  open  up  tha  angina  final  r»z2las 
to  tha  maximum  area  that  can  ba  tolerated.  Tha  angina 
thrust  is  maintainod  by  increasing  the  fuel  flow,  with  tha 
result  that  tha  angina  mass  flow  is  maximised  and  tha 
nozzle  pressure  ratio  and  tha  jat  velocity  are  lowered. 
Bacausa  tha  RBI  99  already  has  a  variabla-araa  nozzle  for 
reheat  matching,  this  would  seam  to  ba  a  feasible  proposi¬ 
tion.  Using  an  angina  perfomtanca  synthesis  to  determine 
the  jot  conditions  at  tha  maximum  allowable  area,  and  than 
using  the  noisa  prediction  modal  established  hare  to 
estimate  the  potential  noisa  benefits,  tha  worthwhilenass  of 
this  approach  could  ba  appraised. 

10  CONCLUSIONS 

(1 )  Tha  Tornado  flight  trial  has  enabled  tha  principal 
sources  of  tha  aircraft  noisa  to  ba  identified  and  quantifiad. 

(2)  Although  tha  jet  mixing  noisa  tends  to  ba  tha  prindpal 
sourca  at  low  flight  speeds,  and  tha  shock  ttoisa  from  the 
jet  at  high  flight  speeds,  these  sources  and  tha  airframe 
noise  ara  comparabla  in  magnituda  during  tha  rise  time  of 
tha  noisa  signal  and  at  its  paak. 

(3)  As  the  flight  spaed  is  increased,  tha  paak  noisa  level 
incraasas  as  does  tha  rata  of  rise  of  the  flyover  noisa. 
Shock  noise  has  a  more  rapid  rata  of  rise  than  jat  or 
airframe  noisa. 

(4)  Were  H  possible  to  graatly  reduce  both  the  jat  mixing 
and  shock  noise,  the  peak  noisa  lavals  would  only  reduce 
by  about  S  dBA.  Reducing  either  tha  jet  noise  or  tha  shock 
noisa  alone,  would  have  littia  effect  at  a  typical  flight  speed 
of  0.65M. 

(5)  Tha  most  significant  components  of  tha  airframe 
noise,  as  measured  from  aircraft  glides,  arn  believed  to  be 
from  tha  wing  and  from  aircraft/jet  interactions. 

(6)  As  expected,  the  levels  of  the  jet  mixing  noisa  are 
substantially  (about  10  dB)  higher  than  those  predicted  for  a 
'dean*  jat  in  flight  as  a  consequanca  of  the  poor  aero¬ 
dynamic  quality  ol  the  jet  environment  and  tha  twin-jet 
configuration. 

(7)  Tha  shock  noisa  from  tha  jat  behaves  much  as  would 
ba  expected,  but  tha  fonvard  radiation  patterns  of  both 
shock  and  airframe  noisa  seem  to  be  reduced  significantly 
by  aircraft  flow-field  effects. 
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Discussion 


QT7ESTI0N  BT:  D..Hunt,  US  Air  Force 

Could  you  conmienc  on  Che  possibilities  of  decemlnlng 
airframe  noise  using  a  full  scale  mock-up  in  a  wind  tunnel 
with  the  engine -generated  noise  sources  absent? 

AUTHOR'S  RESPONSE: 

Such  measurements  would  indeed  be  very  helpful  but  I  am  aware 
chat  wind-tunnel  noise  measurements  at  high  flight  speeds 
suffer  from  several  practical  difficulties.  I  am  not  expert 
in  this  field  but  I  believe  that  an  acoustically- treated 
transonic  wind-tunnel  would  be  necessary  and  chose  that  I 
know,  Che  Boeing  12'x8'  and  the  ARA  8'x7',  could  only 
accommodate  model-scale  aircraft.  Recent  calculations 
indicate  that  the  background  noise  levels  of  these  tunnels 
would  dominate  the  airframe  noise  of  suitable-sized  aircraft 
models,  which  would  make  meaningful  measurements  extremely 
difficult.  However,  such  tests  might  be  able  to  be  carried 
out  at  lower  flight  speeds  (around  0.3M)  in  a  larger  low- 
speed  tunnel  of  better  acoustic  quality  and  the  comparison  of 
such  measurements  with  aircraft  glide  data  at  the  same  flight, 
speed  could  still  constitute  a  definitive  programme. 

QUESTION  BT:  J.M.  Seiner,  NASA/LARC,  USA 

From  Table  1  of  your  paper  one  cannot  tell  what  Che  Jet  noise 
might  actually  be  expected  to  be  since  you  do  not  provide 
details  of  your  engine  conditions.  Since  you  have  many 
negative  climb  angles,  one  might  suspect  that  for  a  resulting 
Jet  speed  reduced  engine  power  settings  would  be  Involved. 
Thus  one  expects  Jet  noise  to  be  low,  perhaps  emphasizing  the 
importance  of  airframe  noise.  Ue  do  not  know  from  your 
Table  1  if  ocher  constant  aircraft  velocities  were  then  also 
conducted  with  higher  power  settings.  One  can  only  presvuae 
that  this  was  done,  based  on  your  present  comments  concerning 
Che  relative  amplitude  of  airframe  noise. 

AUTHOR'S  RESPONSE: 

The  tests  with  large  negative  climb  angles  were  conducted 
solely  as  a  means  to  try  to  quantify  the  airframe  noise  from 
the  aircraft.  They  were  not  intended  to  be  representative  of 
any  operational  condition  of  a  combat  aircraft.  By  measuring 
Che  noise  in  such  tests  with  the  engines  operating  at  flight 
idle,  levels  of  airframe  noise  can  be  obtained  which,  when 
compared  with  the  noise  levels  measured  from  the  aircraft  in 
level  flight  at  the  same  speed,  indicate  the  contribution 
chat  airframe  noise  makes  to  the  total  aircraft  noise 
signature . 


QUESTION  BY:  F.  Kennepohl,  MTU,  Gemany 

Would  you  think  further  research  work  Is  necessary  on  your 
findings  about  the  contribution  of  airfrane  noi;e  to  combat 
aircraft  flyover  noise,  and  if  yes,  what  would  you  propose? 

AUTHOR'S  RESPONSE: 

I  In  the  oral  presentation  of  our  paper  I  was  able  to  describe 
a  more  recent  interpretation  of  the  Tornado  data  which,  to  my 
mind,  demonstrates  convincingly  the  importance  of  airframe 
noise.  However  because  of  the  considerable  practical 
significance  of  the  result,  I  would  not  rule  out  a 
confirmatory  test  using  an  alternative  technique  if  this 
could  be  done  at  an  acceptable  cost  and  effort.  Since  I  do 
not  know  of  any  such  alternative,  it  would  seem  to  me  to  be  a 
better  approach  to  carry  out  further  tests  of  the  present 
type  with  the  aircraft,  so  that  additional  information  of 
practical  use  can  be  obtained  at  Che  same  time  as  research 
data  Co  help  our  understanding. 

COMMENT  BY:  U.  Michel,  DLR  Berlin,  Germany 

I  chink,  everyone  in  the  audience  expects  a  comment  from  my 
’  side  since  your  conclusions  differ  completely  from  ours.  The 
design  of  your  study  enabled  you  to  operate  the  aircraft  at. 
Che  same  flight  speed  with  different  power  settings,  and  you 
'  conclude  quite  convincingly,  by  comparing  a  powered  and  a 
flight  Idle  case  at  M{<0,3  that  Jet  noise  is  negligible  in 
these  cases.  This  is  based  on  Che  assumption  that  there  is  no 
Jet  noise  in  flight  idle.  However,  Che  Jet  is  still  powerful 
in  flight  idle  since  it  is  separated  from  Che  ambient  flow  by 
a  wake.  I  have  calculated  the  Instability  of  such  a  Jet  and 
;  found  chat  it  should  be  capable  of  a  self  sustained,  purely 
i  natural  oscillation.  The  frequency  of  this  oscillation 
depends  on  Che  width  of  Che  wake  and  could  well  be  1,5  kHz  as 
1  reported  in  your  figure  25.  Therefore,  I  feel  chat  further 
j  research  is  needed  to  resolve  this  issue. 

AUTHOR'S  RESPONSE: 

We  do  not  make  Che  assumption  Chat  Che  (installed)  Jet  noise 
is  negligible  when  Che  engin.s  is  operating  at  flight  idle.  We 
agree  that  would  be  an  unsustainable  assertion.  Rather,  we 
assume  that  Che  engine  Jet  noise  will  change  to  an  observable 
extent  when,  at  a  given  flight  speed,  the  engine  operating 
condition  is  changed  from  flight  idle  to  that  giving  a  high 
sub-critical  nozzle  pressure  ratio.  Since  this  latter  change 
will  result  in  a  substantial  change  in  Che  Jet  wake 
conditions,  it  is  our  view  that  the  absence  of  any 
significant  change  in  Che  flyover  noise  levels  demonstrates 
that  jet  noise  is  negligible.  / 
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SUMMARY 

In  response  to  the  rapid  growth 
in  demand  for  information  on 
noise  levels  around  military 
airfields  in  the  UK,  NPL  de¬ 
veloped  AIRNOISE,  a  mathemati¬ 
cal  model  for  computing  air¬ 
craft  noise  contours.  Since 
its  first  applications  in  1981, 
the  model  has  been  used  to 
determine  zones  of  eligibility 
within  the  MoD  compensation 
scheme.  The  model  has  been 
subject  to  continuous  develop¬ 
ment,  e.g.  the  incorporation  of 
Harrier  V/STOL  operations.  We 
have  now  extended  the  model  to 
include  noise  from  high-speed, 
low-level  operations.  The 
model  predicts  not  only  maximum 
levels  but  the  complete  time- 
history,  so  that  the  rapid 
onset  rate  can  be  estimated. 
To  aid  refinement  and  valida¬ 
tion  of  the  model,  a  special 
exercise  has  been  conducted  in 
which  Tornado,  Harrier,  Jaguar, 
Hawk,  F-15  and  F-16  aircraft 
have  flown  straight  and  level 
at  heights  between  about  100 
ana  400  feet,  at  various  speeds 
and  engine  power  settings  over 
an  array  of  microphones.  This 
paper  describes  the  trial  and 
the  results  obtained.  The 
prediction  model  is  outlined 
and  comparisons  made  between 
predictions  and  measurements. 


1.  IMTRCDUCTIOM 

In  the  UK  as  in  other  NATO 
countries,  there  is  growing 
public  concern  about  the  noise 
from  high-speed,  low-altitude 
operations  of  military  jet 
aircraft.  The  House  of  Commons 
Defence  Committee  recently 
reported  on  noise  and  other 
aspects  of  such  operations  (1). 
At  the  Fifth  International 
Conference  on  Noise  as  a  Public 
Health  Problem,  Galloway  re¬ 
ferred  to  "of  the  order  of 
150,000  sorties"  expected  in 
the  UK  during  1986  (2).  For  a 
number  of  years  the  National 
Physical  Laboratory,  supported 
by  the  Ministry  of  Defence, 
has  been  developing  AIRNOISE,  a 
mathematical  nodel  for  comput¬ 
ing  aircraft  noise  contours 
(3).  As  part  of  the  continuous 
programme  of  development  of  the 
model  we  were  asked  by  the 
Royal  Air  Force  Institute  of 
Community  and  Occupational 
Medicine  to  extend  it  to 
include  low-altitude  militar*/ 
operations.  The  objective  is 
to  predict  not  only  maximum 
levels  but  also  the  onset  rate 
of  the  noise  of  these  very 
rapid  events.  To  provide  data 
with  which  to  validate  and 
refine  the  prediction  model  a 
special  joint  NPL/RAF  ICOM 
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trial  -  "Exercise  Luce  Belle"  - 
has  been  conducted  at  RAE  West 
Freugh,  Stranraer,  in  which  a 
number  of  different  aircraft 
types  have  been  flown  straight 
and  level  at  heights  between 
about  100  and  400  feet  above 
ground  level,  at  various  speeds 
and  engine  power  settings. 
This  paper  describes  the  trial 
and  presents  the  results  ob¬ 
tained.  The  prediction  model 
for  noise  from  low-flying  and 
the  comparison  of  predictions 
with  measurements  are  also 
described. 

2.  FLIGHT  TEST  PROGRAMME 

The  tests  took  place  at  RAE  West 
Freugh  in  June  1990.  Figure  1 
shows  an  overall  view  of  Luce  Bay, 
the  airfield  and  the  "Hard  and  Soft 
target"  areas.  All  aircraft  fol¬ 
lowed  the  track  shown  at  a  bearing 
of  310  degrees.  Figure  2  shows  the 
target  areas  in  detail  with  the 
measurement  sites. 

The  aircraft  types  used  in  the 
trial  were:- 

Tornado  GRl 

Jaguar 

Harrier  GR5 

Hawk  TIA 

F-15 

F-16 

Each  aircraft  was  required  to 
carry  external  stores  as  nor¬ 
mally  used  in  low-flying  train¬ 
ing. 

For  each  aircraft  a  number  of 
conditions  were  selected  typi¬ 
cal  of  those  encountered  in 
low-altitude  flying.  For  the 
purposes  of  the  trial  these 
included  conditions  which  might 
only  occur  in  exceptional 
circumstances  e.g.  550  knots. 
Pilots  were  instructed  to 


adjust  engine  power  at  the 
start  of  the  run  to  achieve  the 
target  speed  over  the  primary 
site.  Each  aircraft  flew  one  or 
two  sorties  during  which  the 
selected  conditions  were  repli¬ 
cated  over  a  number  of  runs 
across  the  target  area.  For 
each  run  the  Range  Controller 
directed  the  aircraft  on  to  the 
correct  line  from  the  SE  end  of 
Luce  Bay.  The  pilot  then  used 
the  three  lights  marked  on 
Figure  1  to  line  up  over  the 
final  stage  of  the  run-in.  The 
pilot  was  required  to  stabilise 
the  aircraft  at  the  correct 
conditions  at  the  "Run  start" 
point  and  maintain  steady 
flight  until  the  radio  call 
"End  of  run".  At  this  point  he 
was  to  throttle  back,  pull  up 
and  turn  to  avoid  overflying 
populated  areas. 

3.  NOISE  MEASUREMENTS 

The  primary  site  was  directly  under 
the  flight  track  on  the  edge  of  the 
hard  target  area.  The  deployment 
of  the  various  microphones ,.  some  at 
1.2  m  high  and  some  in  the  ground 
plane,  is  shown  in  Figure  3.  Each 
microphone  signal  was  recorded 
digitally  on  a  Sony  PCM  2000  DAT 
recorder  together  with  IRIG  B  time- 
code  signals.  At  the  secondary 
site  1000  m  perpendicular  to  the 
flight  track,  a  pair  of  1.2  m  high 
and  ground  plane  microphones  were 
used.  Each  of  the  signals  from 
these  was  recorded  on  a  Sony  PCM 
701  system  along  with  a  time-code 
signal.  Data  from  the  ground 
plane  microphones  are  not 
included  in  this  paper  but  are 
being  analysed  as  part  of  the 
programme  of  work  on  this  topic 
reported  on  previously  by  Payne 
(4).  At  the  third  site  directly 
under  the  flight  track  a  limit- 
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ed  number  of  direct  measure¬ 
ments  were  made  using  a  Cirrus 
2.36  data  acquisition  integrat¬ 
ing  sound  level  meter.  This 
stores  successive  values  of  the 
equivalent  continuous  A- 
veighted  sound  pressure  level, 

^Aeq,125  ms  an  event  for 

later  transfer  to  a  portable 
computer. 

4.  AIRCPAFT  TRACKING 

For  a  noise  measurement  exer¬ 
cise  of  this  kind  it  is  vital 
that  information  be  obtained  on 
the  aircraft's  actual  height, 
speed  and  ground  track,  since  a 
small  deviation  could  have  a 
large  influence  on  the  results. 
Optical  klne-theodolites  and 
tracking  radar  data  were  ob¬ 
tained  by  staff  of  RAE  West 
Freugh.  In  addition  video 
cameras  and  recorders  with 
associated  time-code  clocks 
were  used  at  all  noise  measure¬ 
ment  sites.  These  were  intend¬ 
ed  to  supplement  the  RAE  data 
particularly  in  cases  where  the 
kine-theodol ites  could  not 
operate  due  to  wet  weather. 

5.  DATA  ANALYSIS  AND  RESULTS 

Each  recorded  signal  was  replayed 
in  the  laboratory  through  a  Bruel 
and  Kjaer  Type  2131  analyser  con¬ 
trolled  by  a  Tektronix  4052A  com¬ 
puter.  The  analyser  waj  set  to  an 
integration  time  of  125  ms  and  1/3- 
octave  spectra  were  sampled  at  a 
rate  of  10  per  second  and  stored  on 
disk.  For  each  event,  values  of 
^Amax  sound  exposure  level 
La£,  were  calculated.  The 
resulting  values  for  each  of 
the  1.2  m  microphones  at  the 
primary  and  secondary  sites, 
for  each  event  (run)  of  each 
aircraft,  are  given  in  the 


detailed  reports  of  the  trial 
(5,6).  Tracking  data  for  each 
run,  referred  to  the  primary 
site,  are  also  tabulated  in 
these  reports. 

Taking  the  data  for  the  1.2  m 
microphone  on  concrete  -  set  4 
-  the  values  of  have  been 

plotted  against  actual  height 
for  the  various  groups  of 
speed/engine  power  conditions 
for  each  aircraft.  The  results 
for  each  aircraft  are  given  in 
the  detailed  reports,  but  as  an 
example  the  results  for  the 
Tornado  are  shown  in  Figure  4. 
In  each  case  regression  lines 
were  also  calculated.  Using  the 
regression  equations  it  is 
possible  to  calculate  the 
values  of  Lj^gjj  corresponding 
to  heights  of  exactly  100  and 
250  feet  in  the  case  of  Torna¬ 
do,  Harrier  and  Jaguar,  and  150 
and  250  feet  for  the  Hawk. 
These  values  are  given  in  Table 
1.  The  values  of  for  the 

various  conditions  jin  the  case 
of  Tornado  are  shown  graphical¬ 
ly  in  Figure  5.  Such  data  can 
be  used  to  estimate  the  effects 
of  changes  in  speed  at  a  given 
height  etc.  He  can  also  use 
this  data  to  compare  different 
aircraft  types  for  the  same 
conditions.  Thus  Figure  6 
compares  all  four  RAF  aircraft 
at  480  knots  and  250  ft. 

Similar  noise  trials  in  the  USA 
have  shown  a  rapid  decrease  in 
noise  levels  as  one  moves  away  from 
the  flight  track.  To  illustrate 
this,  levels  measured  at  set  4 
under  the  flight  track  have  been 
compared  to  those  at  100  m  to  the 
sideline  -  set  1  -  and  to  those 
measured  at  the  secondary  site 
at  1000  m.  Typical  results  are 
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given  in  Figure  7.  Thus  for 
Tornado,  levels  fall  by  10  dB 
over  the  first  100  m  and  by  20 
dB  over  250  m. 

Data  at  the  third  site  were  ob¬ 
tained  for  the  Harrier  and  Tornado 
sorties.  Complete  time-histo¬ 
ries  of  LAeq,i25  ms  «  t®"" 
second  time  period  during  each 
event  are  reproduced  in  Ref. 6. 
Examples  for  two  runs  of 
Tornado  are  shown  in  Figure  8, 
which  also  gives  the  onset  rate 
in  decibels  per  second. 

It  is  interesting  to  compare 
the  results  of  the  present 
trial  with  those  published  for 
similar  trials  in  the  USA(7} . 
For  the  F-16,  data  on  over¬ 
flights  at  around  500  knots 
with  an  engine  power  setting  of 
84%  "Intermediate  military", 
and  at  heights  between  166  and 
351  feet  have  been  analysed  and 
in  Figure  9  the  regression  line 
obtained  for  this  US  data  is 
overlaid  on  our  data  from 
Exercise  "Luce  Belle".  The 
slopes  of  the  regression  lines 
are  virtually  identical. 
Allowing  for  differences  in 
power  settings  and  speeds,  the 
two  sets  of  results  are  reason¬ 
ably  comparable. 

6.  THE  FLYPAST  NOISE  PREDICTION 
MODEL 

This  model  is  related  to  the 
AIRNOISE  model  but  separate 
from  it.  The  software  is 
designed  to  calculate  a  time- 
history  of  the  A-weighted  sound 
pressure  level  ,  at  a  single 
point  on  the  ground  for  a 
flypast  of  an  aircraft  operat¬ 
ing  under  defined  conditions. 
The  sound  exposure  level, L^g, 
the  maximum  level  and 


the  rise-time  over  the  top  30 
dB  are  also  calculated.  The 
calculations  make  use  of  the 
noise-distance-power  database 
of  AIRNOISE  acquired  during 
Exercise  Bedlam  (8) . 

The  sequence  of  stages  of  the 
software  is  as  fallows. 

The  required  aircraft  type  is 
selected  from  a  list  of  eleven 
and  an  appropriate  directivity 
correction  file  selected.  A 
typical  pattern  for  the  Tornado 
is  shown  in  Figure  10.  Correc¬ 
tions  are  read  from  the  file  at 
ten  degree  intervals.  A  power 
setting  is  selected  and  the 
associated  coefficients  of  the 
noise  distance  equation  are 
read  from  the  aircraft  data 
file.  The  aircraft  height, 
speed  and  the  lateral  distance 
from  the  observation  point  to 
the  flight  track  are  entered. 
From  this  the  minimum  slant 
distance  is  calculated.  Then 
at  one-tenth  second  intervals 
throughout  the  event  the  slant 
distance  and  the  angle  between 
the  line  from  aircraft  to 
observation  point  and  the 
flight  path  are  calculated. 
Using  this  2mgle  the  directivi¬ 
ty  correction  is  interpolated 
from  the  table.  A  level  is 
calculated  at  the  observation 
point  from  the  noise-distance 
equation.  Corrections  are  then 
made  for  engine  power,  direc¬ 
tivity  and  lateral  attenuation 
using  the  SAE  procedure  (9)  . 
From  the  series  of  levels 
throughout  the  event  the  other 
quantities  are  calculated. 

7.  COMPARISON  WITH  MEASUREMENTS 

Figure  11  shows  an  example  of 
the  output  of  the  model  for  a 
set  of  conditions  actually  used 
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in  Exercise  "Luce  Belle", 
compared  with  the  measured 
time-history  for  this  event. 
Figure  12  compares  measured  and 
predicted  values  of  I-Amax* 
average  the  model  under-pre- 
dicts  by  about  1  dB.  Further 
work  is  in  hand  to  improve  the 
model  using  source  data  ob¬ 
tained  in  an  independent  noise 
trial  on  Tornado  (10). 

8.  CONCLUSIONS 

A  successful  trial  has  been  con¬ 
ducted,  giving  a  unique  set  of 
data  on  noise  from  military 
aircraft  operating  at  low-alti¬ 
tude.  The  data  allow  the  effects 
on  noise  levels  of  changes  in 
airspeed  and  height  to  be 
estimated,  and  can  be  used  to 
compare  aircraft  types  in 
similar  conditions. 

A  prediction  model  has  been 
developed  and  shown  to  give 
good  agreement  with  measured 
data. 
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Table  1.  Estinated  values  of  L^nax  regression  lines. 


Height  (ft) 

Speed  (kts) 

550 

480 

420 

Tornado 

100 

127.8 

123.5 

116.4 

250 

121.6 

117.3 

110.0 

127.1  124.2 

119.0  115.4 


Jaguar  100  126.5  121.5  117,2 

250  H9.7  114.0  108.6 


Harrier  100 

250 


Hawk 


150 

250 


121.9 
119 


104.7 


o  Ground-plant  microphont 
•  1  2m-high  microphon* 

a  Tracking  comera 


Figure3.  Deployment  of  microphones  at  primary  site 
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Figure  4.  Maximum  noise  levels  at  primary  site  :  Tornado 
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Figure  5.  Maximum  noise  levels  for  various  conditions  :  Tornado 


Figure  6.  Maximum  levels  for  different  aircraft,  480  knots/250  feet 


Figure  8.  Time>histories  at  third  site 
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SUMMARY 

This  paper  gives  an  overview 
of  some  Important  features  of 
the  process  of  sound 
generation  In  subsonic  jets. 
The  outstanding  aeroacoustlc 
theories  are  briefly  reviewed 
and  some  distinguished 
phenomena  relevant  to  jet 
noise,  like  both  the  effects 
of  source  convection  and 
temperature  are  explained. 
Finally  some  mechanisms  of 
sound  generation  by  turbulent 
jets  reported  In  the 
literature  on  the  topic  are 
examined. 


1.  INTRODUCTION 

The  most  fundamental 
component  of  the  noise 
Issuing  from  a  turbojet 
exhaust  Is  that  due  to  the 
turbulent  mixing  of  the  jet 
exhaust  with  the  surrounding 
fluid,  which  Is  termed  "jet 
mixing  noise".  There  Is  a 
further  Importauit  source, 
restricted  to  supersonic 
jets,  known  as  "shock 
associated  noise",  which  has 
deserved  less  attention  from 
the  scientific  community  than 
the  former  one,  and  It  will 
not  be  treated  herein. 
Additional  sources  of  noise 
named  "excess  noise", 
"tailpipe  noise"  ...  have 
emerged  with  the  development 
of  low  jet  efflux  velocity 


engines  such  as  the  high 
bypass  ratio  ones.  However, 
since  It  Is  difficult  to 
distinguish  these  sources  In 
the  modem  pure  jet  or  low 
by-pass  ratio  used  In  combat 
aircraft,  because  they  are 
masked  by  the  dominant  jet 
mixing  noise,  then  these 
sources  will  not  be. 
considered  In  this  paper. 
Therefore  attention  will  be 
only  focused  on  jet  mixing 
noise. 

Llghthlll ' s  masterpiece , ” the 
acoustic  analogy"  [l]-t4], 
has  been  the  foundation  for 
the  study  of  jet-mlxlng 
noise.  In  particular  his 
result  of  the  fluctuating 
Reynolds  shear  stresses  as 
the  source  for  the  noise 
generated  by  a  jet  flow,  and 
the  subsequent  prediction 
that  the  jet  noise  should 
vary  as  the  elgth  power  of 
the  jet  velocity.  This 
theory  was  In  first  Instance 
developed  for  subsonic  flow, 
but  has  been  extended  to  the 
Mach  number  range  of 
engineering  Interest. 
Although  the  Llghthlll  theory 
Is  exact  It  Is  complicated  to 
handle  It,  because  It  Is 
almost  Impossible  to  evaluate 
a  priori  the  source  function. 
In  fact,  the  source  term 
Includes  the  actual  turbulent 
sources  and.  Implicitly,  the 
effects  of  source  convection 
and  those  of  dlfractlon. 
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absorption.  refraction  and 
scattering  of  sound.  To 
bring  these  effects 
explicitly  In  the  theory, 
and  In  an  attempt  to  explain 
discrepancies  .  between  the 
results  of  various 
experiments  and  some 
predictions  of  the  theory, 
other  researchers  developed 
reformulations  of  the 
acoustic  analogy  [5] -[9],  but 
with  the  more  general  view  of 
explaining  the  topic  of 
aerodynamic  sound  generation. 

The  mechanisms  from  sound 
generation  from  turbulent  jet 
Is  caused  by  turbulence 
related  phenomena  not  yet 
well  understood.  In  the 
following  sections,  after  an 
overview  of  the  referred  to 
theories  In  relation  to  the 
jet  noise  Issue,  a  brief 
description  of  the  jet  noise 
generation  mechanisms  devised 
so  far  Is  shown. 


2.  LIGHTHILL’S  ACOUSTIC 
AMMiQgy 

Aeroacoustic  theory  is  aimed 
to  give  an  accurate 
prediction  of  the  sound 
generated  by  turbulent  flow 
from  the  specification  of 
that  flow.  The  cornerstone 
of  this  theory  is  Lighthlll’s 
model  [1] , [2] ,  which 
formulates  an  analogy  between 
the  non-linear  flow  problem 
and  the  linear  theory  of 
classical  acoustics. 

Considering  a  non-steady 
fluctuating  flow  in  a  finite 
region  surrounded  by  fluid, 
which  far  from  that  region  is 
supossed  at  rest  and  uniform, 
with  density  Pq  and  sound 
speed  Cq.  The  exact 
equations  of  conservation  of 
mass  cind  momentum  In  the 


fluid,  provided  there  are 
neither  external  sources  of 
mass  nor  external  forces 
acting  on  the  fluid,  are 

(2.1)  I 
“0  (2.2) 

These  equations  were  arranged 
by  Ligh thill  (1)  to  arrive  to 
an  equation  for  the  density 


(2.3) 


where  T^j  Is  the  so-called 
LighthilV  stress  tensor 

(2.4) 

I 

This  Is  exactly  the  equation  j 
of  sound  propagation  In  a  .  I 
luilform  medium  at  rest,  acted 
upon  by  external  fluctuating 
stresses,  represented  by  the 
right  hand  side.  Therefore 
the  fluid  can  be  seen  as  an 
acoustic  field  whose  source 
Is  a  (luadrupole  distribution,  i 
the  quadrupole  stress  density 
being  Llghthlll's  stress 
tensor  Tj^j .  This  tensor  is 
zero  in  ’’  the  soxind  field  i 
outside  the  flow  region  and 
Lighthill ’ s  theory  reduces  to 
the  ordinary  acoustic  theory 
at  the  points  outside  the 
region  of  unsteady  flow. 
Usually  the  viscous 
contributions  to  Tj^j  are 
small.  On  the  otheif  hand 
pressure  and  density  are 
related  by  dp  =  c*^p  c  *p' 
if  the  temperatures  in  the 
flow  are  similar  to  those 
existing  in  the  surrounding 
region.  Moreover  in  low 
Mach  number  flow  p  may  be 
aproxlmated  by  Pq.  Under  all 
these  conditions,  which  met 
for  subsonic  cold  jets, 
Lighthill 's  tensor  can  be 
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expressed  as 


r^-PoUiU^ 


The  general  solution  to  the 
Lighthill  equation  is  the 
result  of  applying  the 
differential  operator  of  the 
right-hand  side  to  the 
convolution  product  of  T4 j  by 
the  Green's  function  or  "'the 
wave  operator.  The  solution 
of  this  latter  problem 


ns<i?,  t)  -6(j?)a(t) 


therefore 


p^(^,  t)  -p(^,  t)  -Pa- 

(2.5) 

Finally  integrating  over  t 
gives 


(2.6) 

Each  quadrupole  element  at  y 
generates  a  field  that 
travels  out  at  the  speed  of 
sound  Cq  to  reach  the 
observer  at  x  at  a  retarded 
time  I x-yl /Cq  later. 

Since  the  main  interest  is 
the  far  field  solution  of  the 
turbulence  generated  sound 
one  can  obtain  the  following 
equation 

p'(i?,  t)  - 


4«c/j  '  c,*r  at*  at  X 


where 


(2.7) 


\5l-9\-t 

and  use  has  been  made  of 

»  _  >r  a 
3xx  dxt  ar 

If  X  is  the  characteristic 
wavelength  of  the  sound,  the 
acoustic  condition  of  far 
field  is 

X/ljl-9l’‘X/r«l 

One  then  arrives  to  the 
following  expresion  for  p'. 

t)  -  ^  f  ^d>9 

P  |JS-yl*  Jy 

(2.8) 

If  1  is  a  characteristic 
length  of  the  source,  the 
geometric  condition  of  far 
field  is 

i/\ii-9\«i 


Moreover  if  the  origin  of 
coordinates  is  taken  at  the 
Interior  of  the  source  then 


Xi-Yi  "Xi 


Finally  one  arrives  to  the 
expression  for  the  far  field 
approximation 

4iiCS  \^\*Jr 


(2.9) 

Let  us  consider  now  in  the 
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light  of  this  theoiry,  the 
topic  of  jet  noise,  that  is 
to  say  sound  radiation  from  a 
turbulent  flow  (i.e.  a 
meanflow  upon  which  is 
superimposed  a  distribution 
of  eddies) .  In  fact 

Ligh thill  [4]  suggested  to 
split  the  turbulence  flow 
into  independent  quadrupole 
distributions,  the  extent  of 
each  one  being  roughly  the 
size  of  a  typical  energy 
bearing  eddy.  The  internal 
motion  of  the  eddies  can  be 
decoupled  of  the  convection 
by  mean  flow,  so  che  effects 
of  these  motions  can  be 
studied  independently.  The 
first  thing  to  do  is  to 
choose  adequate  scales.  The 
velocity  fluctuations  are 
characterized  by  the  rms 
velocity  while  the  width  of 
the  mixing  layer  at  any  eixial 
station  supplies  the  length 
scale  (typical  size  of 
eddies) .  Both  magnitudes 
define  the  time  scale  1/u. 
On  the  other  hand,  the  sound 
is  radiated  from  the  points 
inside  one  eddy  at  different 
times,  the  maximum  difference 
in  emission  times  over  a 
volume  !•  being  of  order 
1/Cq.  If  this  time  is  small 
compared  to  the 
characteristic  time  1/u, 
which  implies  that  the  Mach 
number  of  the  turbulent 
eddies  is  small  (m»u/CQ<<l), 
then  the  differences  in 
emission  times  are 
negligible.  The  typical 
frequency  of  the  time 
variations  in  the  eddy  is 
u/1,  so  the  wavelength  of 
the  radiated  sound  is 
Cq  m/1  =  1/m.  Therefore  the 
condition  m  <<  1  means  that 
the  length  of  the  eddy  is 
much  smaller  than  the 
wavelength  of  the  sound.  In 
that  case  the  source  is 
compact  relative  to  the 


wavelength.  Because  of  the 
fluctuation  velocities  are 
well  below  the  sound  speed  in 
jets,  the  turbulent  eddies 
are  compact. 

LooJcing  to  the  internal 
dynamics  of  the  eddies,  some 
facts  have  been 
experimentailly  determined, 
namely  the  correlation  of 
the  motion  inside  any  eddy, 
while  this  motion  is  quite 
uncorrelated  with  the  motion 
inside  any  other  one . 
According  to  a  general 
principle  of  wave  theory,  as 
pointed  out  by  Lighthill  [4] , 
with  well  correlated  sources 
amplitudes  combine  linearly, 
but  with  uncorrelated  sources 
intensities  combine  linearly. 
This  fact  allows  to  deal  with 
the  problem  of  jet  noise  by 
applying  Lighthill  wave 
equation,  since  it  is  a 
linear  one  (with  a  non-linear 
source  tern) ,  and  thus  we  may 
add  the  density  fields 
generated  by  points  inside  a 
single  eddy,  to  get  the  field 
due  to  that  eddy.  Once  this 
process  has  been  performed, 
we  can  square  the  density  to 
obtain  the  intensity  from  the 
eddy.  The  total  intensity  is 
just  the  sum  of  the 
intensities  of  the  eddies. 
So  it  is  clear  that  the  first 
and  main  issue  is  to  get  the 
density  field  radiated  by  an 
eddy  in  nearly  incompressible 
turbulent  flow. 

Going  bac)c  to  (2.9),  which 
gives  the  distant  density 
field,  one  C2ui  obtain  that 
generated  by  a  single  eddy  by 
Introducing  the  fact  of 
compactness .  Thus ,  retarded 
time  differences  are 
neglected,  so  the  expression 
for  density  is 
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p'u.  t) 


-  ^ 

4«<-  WJ 


>rtfcy.e-a) 


(2.10) 


Now,  the  estimation  for 
p'(x,t)  is 

t)  -C;‘x**<2/u)  •'p^u*!*- 


-Pa(J/x)a'‘ 


(2.11) 


Since  the  sound  power  Is 


where 

I-<p^>/p,c,  p'-Co*p' 

One  obtains  the  following 
estimate  for  the  acoustic 
power  of  an  eddy 

P-p,u*J*m"  (2.12) 

Therefore  the  sound  power 
radiated  by  a  distribution  of 
eddies,  each  being  of  volume 
!• ,  occupying  a  volume  V  is 
given  by 

P,-p,u»l*fl‘(V/J*)  (2.13) 


expression  that  is  equivalent 
to  the  famous  U°-law  for  the 
variation  of  acoustic  power 
with  jet  speed  U.  This  law 
is  deduced  by  applying 
lilghthlll '  s  theory  directly 
to  the  jet  flow.  The 
fluctuations  in  9*Tj^4/9t* 
will  be  mainly  dominated  by 
Pq  U*(U/1)*  where  U  is  the 
mean  exit  velocity  and  1  a 
typical  length  in  the  flow 
(e.g.  the  nozzle  diameter). 
Therefore  the  density 
variations,  as  provided  by 
Lighthill  formula,  are 
roughly 


Then,  after  estimate  the 
sound  intensity,  one  can  get 
the  sound  power  output  P  as 
follows 


P~P„U*1<^  (2.14) 

This  prediction  agrees  very 
well  with  experimental 
results  over  a  range  of  Mach 
number  values  between  0.3  and 
2  roughly.  It  should  be 
noted,  however,  that  for 
values  of  M  lower  than  about 
0.6  noise  sources  other  than 
the  jet  mixing  process  can 
contribute,  thus  giving  rise 
to  deviations  from  the  U° 
law.  By  controlling  the 
experiment,  assuming  a  clean 
flow  upstream  of  the  nozzle, 
it  has  been  observed  that  U° 
law  continues  to  hold  down  to 
M  -  0.3. 


3.  EFFECTS  QP  SOURCE 
CQMVECTION 

Now,  the  effect  of  convection 
of  the  quadrupole 
distribution  on  the  jet  noise 
will  be  considered. 
According  to  Lighthill  [I], 
the  time  rate  of  change  must 
be  talcen  in  a  frame  of 
reference  moving  with  the 
convection  velocity  U^,.  Only 
intrinsic  rates  must  be 
considered,  and  those  must 
not  be  inflated  by  adding 
convective  derivatives. 
Anyway,  these  convective 
derivatives  do  not  contribute 
to  the  acoustic  radiation, 
they  constitute  an  octupole 
field,  whose  radiation  is 
small  compared  with  the 
quadropole  field,  due  to  time 
variations . 

The  stress  tensor  T^^j  which 
appear  in  the  general 
expression  (2.6),  can  be 
rewritten  as 


p'-Po(u/C,)*(J/x) 
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(3.1) 

where 

(3.3) 

0(,  being  the  convection 
velocity  of  the  eddies  (a 
static  jet  is  considered). 
After  some  manipulation,  one 
arrives  to  the  following 
expression  for  the  far  field 
solution,  6  being  the  angle 
between  the  directions  of 
motion  and  emission. 

t)  - 

-  1  (^>  f 


The  term  (1/A)  that  arises 
from  the  far-field  nature  of 
the  guadrupole  ceui  be 
referred  as  the  compactness 
ratio.  Since  the  Doppler 
ch2Uige  in  frequency  and 
wavelength  is  an  important 
convective  effect,  which 
modifies  the  walength  A  at 
rest  to  A(1-Mj,  COS0) , 
source  convection  increases 
the  compactness  ratio  as  well 
as  the  radiation  ahead  of  the 
source  and  the  contrary  holds 
behind  the  source  for  <  1. 
Convection  also  increases  the 
effective  quadrupole  length 
scale  in  the  convection 
direction  by  the  inverse  of 
the  Doppler  factor,  as 
follows . 

J,-I(l-ifoCOS0>'*’  (3.5) 


(3.4) 

Consequently  the  intensities 
Include  an  aditional 
factor  (l-M^  co80)“®,  but  as 

it  was  shown  by  Ffowcs 
Williams  [101,  the  number  of 
quadrupoles  whose  radiation 
arrives  simultaneously  is  the 
total  number  affected  by  the 
term  (1-M^,  cos0) .  therefore 
the  directional  distribution 
of  intensity  must  carry  a 
factor  (1-M^  cos0)“^. 

Let  us  consider  now, 
according  to  Crighton  [11] , 
the  effect  of  convection  on 
the  turbulets  eddies.  The 
general  formula  for  a  single 
eddy  (2.11)  is  expressed  in 
the  form 

p'(j?,c)  -p,(J/x)2B*- 

Ij,  being  the  eddy  size  in  the 
convection  direction  and  1 
the  size  in  direction  normal 
to  that  one. 


Both  effects,  the  wavelength 
contraction  and  the  change  of 
effective  source  scale  modify 
Lighthill’s  result  (2.11), 
which  for  a  convected  eddy 
taJces  the  form 

P-P,{2/x>ib*  (l-Mi.cose> 

(3.6) 

For  a  distribution  of  eddies, 
while  the  eddy  volume 
increases  because  of 
convection,  the  actual  flow 
volume  does  not,  therefore 
the  number  of  eddies  must 
decrease  correspondingly  and 
the  intensity  per  unit  volume 
is  of  order 

J-p„U*(y^>  del*) 

(3.7) 

And  for  a  fixed  volume  V 

/ 

/  r-PeU*(-y)ai*(l-ifeCOS®)"* 

^  (3.8)-^ 

Summarizing,  convection  makes 
eddies  less  compact  since  the 
waveleng€ft*4s  reduced  and  the 


I 
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effective  source  scale  In  the 
convection  direction 
Increased  by  the  effect  of 
the  Inverse  of  the  Doppler 
factor  (l-Mj.  COS0) .  To  avoid 
the  singularity  at 

cosO  =>  1  a  modified 

Doppler  factor  C  has  been 
derived 

C»[(l-/foCOse)  ■+«*]•*  (3.9) 

According  to  Crlghton  [11] 
the  coefficient  «  Is  the 
compactness  ratio,  m,  of  the 
turbulent  eddy,  while  Ffowcs 
Williams  [12]  gives  the 
following  expression  for  a 

«*-(«o*sln*e+p/co8*0)Af„*  (3.10) 

The  parameters  and 

being  a  measure  of  non¬ 
compactness  of  the  source. 


4.  EFFECTS  OP  TEMPERATURB 


It  was  early  suggested  that 
the  main  effect  of  the 
elevated  temperature  of  a  jet 
would  be  a  reduction  In  the 
noise  level,  since  the 
effective  source  density  must 
decrease,  so  reducing  the 
contribution  pu^Uj  of  Tj^j, 
which  Is  the  dominant  source. 
But  some  experiments, 
especially  those  carried  out 
by  Hoch  et  al  fl3],  showed 
that  noise  reduction  Is 
observed  only  at  high  exhaust 
speeds ,  while  at  lower 
velocities  high  jet 
temperature  Increases  the 
noise  emission.  To  explain 
this  discrepancy  It  Is 
believed  that  there  Is  an 
additional  source  In  hot  jets 
depending  on  the  temperature, 
but  It  seems  that  the  jet 
efflux  velocity  should  not  be 
forgotten.  This  dependence 
Is  In  such  a  way  that  at  .''ow 


speeds  this  new  source  Is 
dominant,  while  at  Mgher 
speeds  the  classical  U°  law 
holds,  but  with  a  lower 
effective  density  than  In  the 
cold  jet,  that  Is  to  say  that 
the  primary  effect  of 
Increasing  the  temperature 
(decreasing  of  density)  Is 
only  apparent  at  high  speeds. 

The  first  attempt  to  explain 
these  facts  was  that  of  Lush 
and  Fisher  [14],  who  pointed 
out  that  the  second  term 
(l.e.  p-Cq*p)  of  the 
Llghthlll  source  could  not  be 
avoided  because  of  the  speed 
of  sound  In  the  source 
differs  considerably  from 
that  In  the  sound  field. 
They  developed  scaling  laws 
for  the  additional  source 
referred  to  (entropy 
fluctuations  source,, 
according  to  Rlbner  [15]).  A 
perfect  gas  Is  assumed  and 
let  S  be  the  entropy  and 
t  ■  Cp/Cy  the  specific  heat 
ratio;  Then 

5-C4n<p/p'f)  *conBt 
whence 


!tu2.SL~^Sl 
9t  it  a,  it 


(4.1) 


So  one  obtains  for  the  term 
P-Cq*p  of  the  stress  tensor 
the  expression 


at 


(p-c,«p>-(l-^) 


tp ,  >c»*  is 

it  c,  at 


(4.2) 

where  c  Is  the  local  sound 
speed. 


The  contributions  to  the 
density  from  the  Reynolds 
stresses  and  from  the  entropy 
fluctuations  are  th'en 
estimated  and  assumed  that 
they  are  uncorrelated.  It  Is^ 
assumed  too  that  the  mix 
density  is  the  arithmetic 
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mean  of  Che  exit  density  pj 
and  Che  ambient  one  p^  as 
well  as  that  the  entropy 
fluctuations  are  proportional 
to  the  diference  between  the 
entropies  of  the  jet  exit  and 
Che  ambient,  S-Sj-Sg.  In  this 
way  the  following  expression 
for  the  intensity  at  90*  to 
the  jet  cixis  was  derived  by 
Lush  and  Fisher. 

(4.3) 

where 

This  equation  predicts  the 
dominance  of  the  Uq^  term  at 
low  speeds  and  that  of  the 
Up®  term  at  high  speeds,  in 
this  latter  case  at  a  lower 
level  than  in  a  cold  jet. 
Pitting  of  this  equation  to 
experimental  data  is  good 
over  a  wide  range  of 
temperature  ratios  as  well  as 
of  velocities.  But  this 
theory  has  a  weak  point,  that 
is  the  lack  of  the  assumption 
that  DS/Dt  =  0.  In  fact 

Morfey  [16]  pointed  out  that 
if  molecular  diffusion 
effects  are  neglected  the 
entropy  of  the  fluid 
particles  is  constant. 

Morfey  carried  out  an 
analysis  expanding  the 
term  p-p/Cg* .  Part  of  the 
expansion  cancels  the 
Reynolds  stress  term, 
replacing  it  with  a  similar 
term  with  p_  instead  of  p. 
He  finally  f^ound  two  source 
terms  relevant  to  heated  jets 
at  low  Mach  number,  namely  a 
quadrupole 


_  »  r  P-P*  tPi 

The  contributions  of  these 
sources  to  the  intensity  in 
Che  far  field  are  then  scaled 
as  follows 


If-pJOVCS)  (D/t)*  (4.4) 

ia*/c*)  (D/r)*(Ar/rj* 

(4.5) 

Where  AT  is  the  difference 
between  jet  and  ambient  (Tp) 
temperatures,  Pg  is  the 
density  at  the  source  and  r 
the  distance  to  the  source. 
Pressure  fluctuations  in  the 
source  have  been  assumed  to 
scale  as  Ps^o*  >  These 
formulae  agree  with  the 
behaviour  at  low  speed, 
because  the  dipole 
contribution  is  being  more 
dominant  as  the  speed  is 
reduced.  The  behaviour  at 
high  Mach  numbers  is 
explained  by  Morfey  as  due  to 
the  fact  that  at  such  values 
the  wavelength  becomes 
comparable  to  the  local  shear 
layer  thickness.  Then  the 
equivalent  sources  are 
regarded  as  radiating  in  a 
medium  whose  properties  are 
close  to  those  of  the  source 
region,  so  Cp  and  Pg  are 
taken  as  Cg  and  Pg.  The 
effect  of  taxing  these  values 
in  the  acoustic  analogy  is  to 
reduce  the  intensity.  This 
reduction,  for  high  subsonic 
Mach  numbers  and  at  90*  to 
the  jet  axis,  is  given  by  a 
factor  (Tg/Tg)^  for  the 
quadrupole  and  by  (Tg/Tg)* 
for  the  dipole. 


and  a  dipole 
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5.  FURTHER  DEVELOPMENTS  IN 
THE  AEROACQUSTIC  THEORY 

The  acoustic  analogy 
delivered  by  Lighthill 
appears  as-  the  major 
contribution  to  aeroacoustlcs 
devised  so  far.  Nevertheless 
can  not  provide  solution  to 
every  model  problem  in 
aeroacoustlcs  because  there 
is  a  laclc  of  luiowledge 
necessary  to  describe  the 
source  term.  In  fact  an 
acoustic  analogy  for  a 
problem  like  that  of  jet 
noise  (i.e.  sound  radiation 
from  a  bounded  unsteady 
turbulent  flow)  consists  of  a 
forced  wave  equation 


(5.1) 


where  q  is  the  source  term  to 
be  estimated  from  the 
specifications  of  the  flow. 
In  the  analogy  of  Lighthill 


and  the  main  difficulty  with 
this  formulation  is  that 
effects  such  as  refraction  of 
sound  by  mean  flow  gradients 
and  scattering  of  the  sound 
waves  by  eddies  should  be 
displayed  rather  than 
embodied  in  the  stress  tensor 
Tj^j .  On  the  other  hand  this 
analogy  ceases  to  adjust  to 
experimental  data  at  flow 
Mach  number  *2.  To  avoid 
these  problems  Phillips  [5] 
derived  a  convected  wave 
equation  for  pressure  p  in 
which  the  source  term,  which 
does  not  contain  the  density, 
consists  of  three  teirms, 
namely  one  of  velocities  and 
the  other  two  reflecting 
effects  of  viscosity  and  heat 
conduction.  Omitting  these 
two  last  ones  the  equation 


takes  the  form 

(5.2) 

where  y  is  the  specific  heat 
ratio  and  c  the  local  sound 
speed. 

This  equation  was  objected  by 
Lilley  [6]  who  pointed  out 
that  as  fluctuations 
amplitudes  become  small,  the 
source  terms  should  vanish  at 
least  quadratlcally,  the 
equation  then  describing 
propagation  of  small 
disturbances  through  a  medium 
of  variable  mean  properties. 
Since  this  property  is  not  a 
feature  of  the  Phillip's 
equation,  Lilley  proposed 
another  one,  which  follows. 

=s  terms  at  least  quadratic  in 
fluctuations . 

(5.3) 

The  bar  indicates  that  mean 
velocity  and  temperature  are 
considered.  These  two 
equations  are  very  difficult 
to  solve  in  analytical  form 
and  in  fact  they  have  not  yet 
rendered,  to  our  knowledge, 
widely  accepted  results. 


Coming  back  to  low  Mach 
number  turbulent  flows, 
Powell  [7]  proposed  a  theory 
of  vortex  sound  in  which  the 
vorticlty  within  a  compact 
eddy  in  a  slightly 
compressible  isentropic  flow 
is  the  basic  source  element, 
that  is  to  say  that  induce 
the  whole  flow,  both  the 


24-10 


hydrodynamic  turbulent  field 
and  the  acoustic  far  field. 
Then  the  sound  sources  can  be 
Identified  with  those  rt^glons 
of  the  flow  with  non¬ 
vanishing  vorticity.  He 
derived  an  equation  for  the 
far-fleld  density 
perturbations  which  is  an 
acoustic  analogy,  the  source 
tem  being  related  to 
vorticity 

□p^>p,V(dSAd)  +^(|paC^) 

(5.4) 

the  effect  of  the  second 
source  term  is  much  smaller 
them  the  first  if  entropy 
gradients  are  negligibly. 
Then  the  source  term  can  be 
taken  as 

<3rPo^*^ 

where  «t  »  Vau  denotes  the 
vory,c:jj:y  vector,  and 
r  »8  A  u  is  the  expression  of 
the  isentropic  Lamb  vector. 
In  fact  Powell  proved  the 
acoustic  equivalence  of  the 
source  distribi^ions  p  Uj 
and  pQ  yj^  (•Au)j.  The 
expression  (5.4)  snows  the 
generated  sound  in  tezms  of 
dipole  sources,  but  since 
Lamb  vector  can  be  regarded 
as  a  lift  force,  and  due  to 
momentxim  conservation  these 
lift  forces  must  be  arranged 
in  cancelling  paiis,  it  would 
not  be  irreallstic  to 
consider  a  quadrupole-like 
structure  of  the  Powell 
vortex  dipole. 

A  generalization  of  Powell's 
approach  was  derived  by  Howe 
[8] .  He  introduced  the 
stagnation  entalphy  rather 
them  the  density  as  the 
acoustic  variable.  Howe 
showed  first  that  an  analogy 
could  be  established  in  a 


similar  way  to  that  of 
Lighthill,  but  replacing  the 
quiescent  acoustic  medium  of 
this  latter  one  by  a  steady 
irrotacional  mean  flow.  Howe 
first  studied  the  problem  of 
determining  the  equation 
satisfied  by  the  perturbation 
potential  due  to  an 
irrotational  disturbance 
introduced  into  a 
compressible  irrotational 
meam  flow.  Let  4q  (x)  and 
(5?,t)  be  the  potential  of 
the  unperturbed  flow  and  that 
of  the  perturbation 
respectively  and 
♦  (x,t)  =  *0 

Considering  the  equations  of 
continuity  of  mass  and  that 
of  Bernoulli  (isentropic 
irrotational  flow) ,  after 
some  memipulation  he  derived 
an  equation  which  describes 
the  propagation  of  the 
perturbations  through  the 
compressible  medJ.um,  provided 
that  the  steady  mean  flow  is 
known.  This  equation  can  be 
further  linearized  with 
respect  to  the  perturbation 
potential  giving  rise  to  a 
convected  wave  equation 
satisfied  by  the  rate  of 
change  of  the  perturbation 
potential  in  the  case  of  low 
Mach  number  mean  flow. 
Because  of  this  equation, 
this  potential  appears  as  the 
natural  variable  for  writing 
the  wave  equation  for 
acoustic  perturbations .  But 
for  an  arbltraiT^  mean  flow 
(i.e.  there  can  be  vorticity 
and  entropy  gradients)  a 
scalar  potential  is  not 
sufficient  to  describe  the 
perturbations  in  the  flow,  so 
a  new  variable  must  be 
chosen.  This  variable  is 
easily  selected  because  the 
Bernoulli  integral  may  be 
expressed  in  the  following 
form 
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4r*B"CoasCanc 

(5.5) 

where  B  is  the  stagnation 
enthalpy  per  unit  mass  of  an 
isentropic  fluid 

(5.6) 

That  is  to  say  that  adopting 
either  B  or  d4/3t  is 
equivalent.  Howe  generalizes 
further  B.  to  avoid  the 
difficulties  of  expressing 
p  *  f(p)  in  an  arbitrary  mean 
flow,  by  introducing  the 
specific  heat  function  h. 
which  obbeys  the  differential 
equation 

db»p~*4p*Td3  (5.7) 

Finally  the  specific 
stagnation  enthalpy 
B  a  h  +  JJu*  Is  obtained  and 
used  as  the  variable  for  the 
analysis.  This  is  carried 
out  by  using  the  fundamental 
equations  of  motion  (that  of 
momer.tum  Is  written  in 
Crocco's  form)  and  after  some 
memlpul.atlon,  including  the 
assumption  of  Ideal  gas  to 
express  the  source  term,  the 
following  equation  Is  deduced 


at'  (^ot  c*  JTt 


(dAa-rv5)  --3-^.  (aAa-r»s)  ♦ 

Dt 


pe  '  PC  de  '  pt ' 


of  the  right  hand  side  of  the 
equation  are  considered  the 
acoustic  sources,  but  are 
confined  only  to  the  regions 
of  the  flow  where  the 
vortlcity  and  entropy 
gradient  vectors  are  non 
vanishing.  For  low  enough 
Mach  number  and  isentropic 
flow  as  well  as  no  mean  flow, 
Howe's  equation  reduces  to 
Powell's  result. 

One  further  step  in  dealing 
with  the  vorticity  was  the 
formulation  of  M(5hring  [9]  , 
relating  the  sound  field 
linearly  to  vorticity,  which 
it  is  not  the  case,  to  our 
knowledge,  in  any  other 
theory  devised  so  far. 
Mdhring  argued  that  Powell ' s 
result  does  not  represent  the 
sound  only  in  terms  of  the 
vorticity  but  also  includes 
the  flow  velocity,  which 
implies  difficulties  in 
solving  some  model  problems 
of  vortex  distributions.  He 
also  noted  that  Powell's 
equation  as  well  as 
Lighthill's  are  local 
relations,  because  the 
derivatives  of,  for  instance, 
p  at  a  given  position  are 
related  to  derivatives  of  the 
flow  velocity  at  that 
position .  Mdhring ' s  approach 
starts  by  considering  the 
Green's  fxmction  solution  to 
the  Powell's  equation.  This 
solution  is  integrated  by 
parts,  giving  the  expression 


p{2,  t)  tfpdv 

(5.9) 

Then  a  vector  Green  function 
G  is  defined  by 


(5.8) 

where  the  last  two  terms  of 
the  source  term  represent  the 
effect  of  heat  conduction. 

At  points  of  the  flow  without 
vorticity  or  entropy 
inhomogenities  the  source 
terms  vanish  and  the 
irrotatlonal  perturbation 
equation  emerges.  The  terms 


Once  VyO  is  substituted  in 
(5. 9), a  new  integration  by 
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parts  Is  perfomed  and 
Helmholtz  vortex  equation 

ii4-TAf-0  (5.10) 

which  Is  -  valid  for 
Incompressible  flow.  Is 
applied,  and  a  further 
Integration  by  parts  Is 
undertaken,  one  obtains  the 
result 

(5.11) 

where  V  Is  the  region  of  non¬ 
vanishing  vorticity.  From 
this  result,  the  pressure  can 
be  calculated  from  the 
vorticiy  alone.  Moreover  the 
pressure  depends  linearly  on 
the  vorticity  and  therefore 
too  on  the  velocity,  so 
contributions  of  the  vortices 
to  the  sound  add  linearly. 
However,  there  exist  a  main 
difficulty  in  this  method, 
namely  that  in  general  the 
vector  Tf  does  not  exist, 
because  the  Integrablllty 
condition  for  (5.9),  which  is 
=•  0,  is  not  usually 

satisfied.  But  Mdhring 

argues  that  in  cases  where  G 
is  symmetric  in  its 
arguments,  then  satisfies 


^  (5.12) 
Therefore  G  exists  when  the 
right-hand  side  of  (5.12) 
vanishes,  which  meets  when  It 
is  in  the  far  field  and  7  in 
the  source  and  at  low  enough 
Mach  numbers. 

Finally  it  should  be  stressed 
that  these  approaches  to  the 
aeroacoustlc  theory  focused 
on  vorticity  are  specially 
suited  to  deal  with  flows 


with  concentrated  vorticity 
knovm  in  analytical  form, 
while  if  there  is  only  a 
rough  specification  of  the 
flow,  Lighthill's  analogy 
should  be  employed. 

6.  HBCHftNISMS _ QF  SOUND 

GENERATION 

In  the  preceeding  sections  we 
have  seen  how  the 
identification  of  sources  of 
sound  in  aeroacoustics  has 
been  progressively  refined, 
starting  from  Lighthill's 
guadrupole  convected  eddies 
and  then  focusing  more  and 
more  explicitly  in  vorticity, 
until  arriving  to  the 
linearly  vorticlty-related 
source  due  to  MOhring.  This 
is  reflected  in  the  attempts 
to  find  a  convlncent 
mechanism  for  the  process  of 
noise  generation  in  jets. 
One  of  the  first  models 
suggested  was  that  of  Laufer 
et  al.  [17]  who  indicated 
that  pairing  of  vortex  rings 
is  the  primairy  mechemlsm 
responsible  for  most  of  the 
noise  generated  by  a  subsonic 
jet.  The  discovery  of  large 
scale  coherent  structures  in 
turbulent  flows  gave  rise  to 
increasing  expectations  on 
the  role  which  such 
structures  might  play  in  the 
process  of  noise  generation. 
On  t.he  other  hand,  some 
experimental  works  ( e .  g . 
Moore  (181)  showed  that  this 
role  is  in  fact  important, 
though  he  considered  the 
large  scale  structures  in  the 
form  of  instability  waves. 
But  Moore  did  not  recognize  a 
direct  role  of  these 
structures  in  the  generation 
of  noise  in  subsonic  jets  but 
a  mediate  one,  governing  the 
production  of  the  turbulent 
fluctuations  which  radiate 
broadband  noise.  Anyway,  the 
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most  important  result  of  the 
experiments  of  Moore  was  the 
significant  increase  in  jet 
noise  produced  by  exciting 
the  shear  layer  with  a 
fluctuating  pressure  at  the 
nozzle  of  only  0.08%  of  the 
jet  dynamic  head  but  with  the 
correct  Strouhal  number.  He 
also  found  that  forcing  the 
jet  at  high  frequencies  can 
reduce  the  broadband  noise  of 
the  jet  when  the  boundary 
layer  inside  the  nozzle  is 
thick,  which  opens  the  door 
to  the  possibility  of  active 
noise  control.  By  using 
specially  developed  flash 
schlieren  techniques  to 
visualize  the  coherent  jet 
structures,  he  found  that 
these  started  as  an 
instability  wave  on  the  shear 
layer,  were  then  amplified 
and  finally  rolled  up  into 
vortices  which  moved  along 
the  shear  layer,  entraining 
ambient  air  and  providing 
large  scale  mixing.  In  Fig.l 
an  schematic  diagram  of  the 
development  of  a  jet  shear 
layer  is  shown,  featuring 
discrete  concentrations  of 
vorticity  which  deform  and 
coalesce. 

In  relation  with  the  coherent 
structures  and  particularly 
with  the  vortex  pairing, 
Ffowcs  Williams  and  Kempton 
[19]  proposed  two  models  of 
acoustic  sources  in  a 
turbulent  jet,  in  order  to 
assess  the  role  of  the  large 
scale  structures  in  the  noise 
generation  process.  In  the 
first  model  a  structure 
similar  to  instability  waves 
which  initially  grow  and  then 
saturate  and  eventually  decay 
is  assumed.  The  second  model 
is  devoted  to  vortex  pairing. 
These  models  describe  much 
better  the  characteristics  of 
excited  jets  than  that  of 


unexcited  ones ,  because 
forcing  a  jet  modifies  its 
structure  inducing  unstable 
waves  at  the  forcing 
frequency  to  form  the 
dominant  eddies,  the  whole 
process  of  large  structures 
being  enhanced.  In  this 
respect,  Ffowcs  Williams  and 
Kempton  [19]  suggested, 
according  to  Moore's  results, 
that  the  extra  broadband 
noise  due  to  forcing  was 
mainly  due  to  the  large 
structure  and  not  to  an 
increase  in  the  background 
turbulence .  Nevertheless 
agreement  of  the  referred  to 
models  with  experimental  data 
is  not  so  good. 

Some  other  researchers  have 
carried  out  experimental 
investigations  trying  to 
assess  the  importance  of 
vortex  pairing  in  the 
generation  of  noise.  But 
Hussain  [20]  argued  that  this 
mechanism  could  not  be 
dominant  source  of  sound  in 
practical  jets.  Since,  for 
an  initially  laminar  jet, 
most  of  the  vortex  pairing 
takes  place  in  the  shear 
layer  near  the  lip  of  the 
jet,  being  complete  within 
one  diameter  from  the  exit, 
while  several  studies  (e.g. 
Juve  et  al  [21])  show  very 
clearly  that  most  noise 
originates  from  the  region 
near  the  end  of  the  potential 
core  (see  Fig. 2),  it  is 
suggested  that  vortex  pairing 
can  not  be  the  dominant 
source.  This  view  is 
reinforced  by  the  fact  that 
vortex  pairing  is  almost 
absent  in  practical  jet, 
which  are  turbulent  at  the 
exit.  This  initially 
turbulent  mixing  layer  rolls 
up,  tiplcally  at  the  jet 
column  mode,  bypassing  the 
shear  layer  mode. 
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Anyway  since  the  role  played 
by  coherent  structures  In 
sound  generation  Is  felt  to 
be  crucial,  and  because  of 
these  structures  are 
identified  by  coherent 
which  is  the 
phase-correlated 
of  vorticity 
the  random 
fluctuations  of 
flows,  some 
involving  these 
coherent  vorticity  should  be 
responsible  for  most  of  the 
sound  generated.  Bridges  and 
Hussain  [22]  suggested  to 
recall  Mdhring’s  formula  ([9] 
p.689)  for  the  far  field 
pressure  due  to  vorticity  in 
low  Mach  number  flow,  because 
it  is  linear  in  vorticity. 
This  formula  is  rearranged  to 
give 


(6.1) 

Taking  into  account  the 
linear  decomposition  of  in 
coherent,  <*>’>,  and 
incoherent,  parts,  JS  is 

replaced  in  (6.1)  by  <S>  to 
get  the  sound  due  to  coherent 
structures.  Summarizing, 

what  is  ^  important  is  the 
tensor  <Q>  defined  by  (see 
Bridges  and  Hussain  [22]). 

j?(jW3)  W6.2) 
at*  it’Jr 


Therefore  coherent  motions 
which  generate  a  large  <S> 
appears  to  be  important 
sources  of  sound.  It  seems 
this  is  not  the  case  for 
vortex  pairing  in  practical 
jets. 


Hussain  [20]  proposed  that 
the  breakdown  process  of  the 
initial  toroidal  structures 
into  substructures  near  the 


end  of  the  potential  core 
(see  Fig.  3)  and  their 
interaction  is  the  process 
which  produce  most  noise.  He 
suggested  too  that  this 
process  involves  the  so 
called  cut-and-connect 
mechanism  as  responsible  of 
the  generation  of 
substructures  from  the 
toroidal  structures .  The 
cut-and-connect  mechanism 
consists  in  the  process 
during  v/hich  two  adjoining 
vortex  filaments  are  cut  and 
connected  after  switching. 
Some  researchers  have 
reported  this  phenomenum, 
which,  as  far  as  we  know, 
remains  unexplained. 
Theoretical  treatment  of  this 
mechanism  is  rather 
complicated  because  it  is 
three  dimensional  and 
involves  vorticity.  Though 
some  investigation  about  the 
influence  of  this  process  on 
the  generation  of  turbulent 
jet  noise  has  been  carried 
out,  it  is  still  soon  to  draw 
realistic  conclussions  and 
more  research  on  this  topic 
is  needed. 

7.  CONCLUSSIONS 

Much  effort  has  been  devoted 
to  understand  the  physical 
mechanisms  of  the  sound 
generation  by  turbulent  jets, 
since  the  time  of  the  first 
commercial  jet  aircraft. 
Perhaps  the  first  theory 
which  gave  a  rather  full 
description  of  the  sound 
generated  aerodinamically, 
namely  "the  acoustic  analogy 
approach"  of  M.J.  Lighthlll, 
has  been  the  most  succesful. 
Lighthill  estZLbllshed  an 
analogy  between  the  nonlinear 
problem  of  the  turbulent  flow 
and  the  linear  theory  of 
classical  acoustics  and 
suggested  to  split  the 
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turbulent  flow  Into 
Independent  quadrupole 
distributions  (energy  bearing 
eddies) .  The  results 

achieved  by  the  theory  when 
applied  to  jet  noise  have 
been,  in  general,  impressive, 
specially  the  famous  "law”  of 
the  jet  sound  power  scaling 
on  the  eighth  power  of  the 
jet  velocity. 


Nevertheless,  effects  of 
various  phenomena  like  source 
convection,  absorption 
diffraction  and  scattering  of 
sound  are  explicitly  absent 
of  the  theory.  Some  of  these 
can  be  considered  in  the 
light  of  the  theory  like  both 
the  effects  of  source 
convection  and  temperature 
(i.e.  hot  jets),  while  it 
seems  very  complex  to  include 
in  the  mathematical 
formulation  of  the  theory  the 
other  effects  referred  to. 

Other  theories  have  been 
devised  so  far  to  take 
explicitly  into  account  some 
of  these  effects  as  well  as 
to  gain  insight  on  the 
mechanism  of  sound 
generation.  Among  them  the 
so  called  Powell-Howe  one  and 
that  of  Mdhring  are  the  most 
succesful.  specially  when 
applied  to  flows  with 
concentrated  vortlcity  known 
in  analytical  form.  In  fact, 
according  to  these  theories 
the  sources  of  sound  are 
those  regions  of  the  flow 
with  vortlcity  and  entropy 
gradient . 

The  former  assert  is  not  very 
helpful  when  one  tries  to 
look  for  an  explanation  for 
the  generation  of  sound  and 
some  qualitative  models  of 
mechanisms  of  sound 
generation  by  jets  have  been 
proposed.  The  pairing  of 


vortex  rings  in  jets  is  the 
mechanism  which  has  deserved 
more  attention,  but  no  clear 
reason  in  its  support  has 
been  yet  presented. 
Experiments  have  shown  that 
most  noise  comes  from  the 
region  near  the  end  of  the 
jet  potential  core,  while 
vortex  pairing  takes  place 
far  away  upstream.  Moreover 
in  practical  jets,  which  are 
turbulent  at  the  exit,  vortex 
pairing  is  almost  absent. 
Recently  other  process  has 
been  suggested  as  the  most 
important  for  noise 
generation,  namely  the 
breakdown  of  the  initial 
toroidal  structures,  which 
appear  in  the  jet,  into 
siibstructures  near  the  end  of 
the  potential  core.  It  has 
been  stressed  moreover  that 
the  so  called  cut  and  connect 
mechanism  is  the  responsible 
for  the  generation  of  such 
substructures.  This 
mechanism  is  the  process 
during  which  two  ad j  oining 
vortex  filaments  are  cut  and 
connected  after  switching. 
The  role  played  by  the  cut 
and  connect  mechanism  in  the 
process  of  sound  generation 
is  believed  to  be  important, 
but  this  must  be  supported  by 
deeper  studies. 
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SUMMARY 

The  noiae  of  combat  aircraft  during  tow  level  flight  is  domi- 
naied  by  the  jet.  Technical  noise  roiuction  measures  must 
thetefore  reduce  the  specific  thnist  of  the  engine.  This  can  be 
achieved  by  altering  the  engine  cycle  or  by  using  secondary 
air  to  increase  the  mass  flow  through  the  nozile. 

In  the  first  part  the  influence  of  nozzle  area,  bypass  tatio  and 
variable  cycle  features  on  the  specific  thrust  of  modem  fighter 
engines  Is  shown.  The  effects  on  noise,  thrust  and  fuel  con* 
sumption  ate  discussed.  In  the  second  part  ejector-mUer  noz¬ 
zles  and  the  aft-fan  are  considered.  Both  reduce  the  jet  veloc¬ 
ity  by  entraining  air  through  secondary  inlets  and  expelling  it 
togedier  with  the  engine’s  exhaust  flow  through  a  common 
nozzle. 


/  fliglf 

I  ideal 

J  fully  expanded  Jet 

L  low  pressure  jyrrem 

max.  maximum 

nom.  nominal 

ref.  reference 

rel.  relative 

0  engine  intake 

161  bypass  exit  (flame  stabilisers) 

8  notsle  throat 

9  engine  exit 


NOTATION 


A 

area 

BFK 

bypass  ratio 

D 

diameter 

EfNL 

effective  perceived  noise  level 

h 

height 

m 

velocity  exponent 

m 

mass  flow 

M 

Mach  number 

n 

rotational  speed 

OAEWL  overall  sound  power  level 

OASPL 

.  overall  sound  pressure  level 

P 

static  pressure 

P 

total  pressure,  sound  power 

r 

distance  to  microphone 

SFC 

specific  fuel  consumption 

SOT 

turbirte  rotor  entry  temperature. 

/  SPL 

sound  pressure  level 

'  T 

thrust 

V 

velocity 

angle  to  inlet  axis 

/tt 

notsle  pressure  ratio 

■n 

Suffixes 

efficiency 

corr 

corrected 

crit. 

critical 

d 

design  — — 

1  INTRODUCTION 

Due  to  Germany's  dense  population  a  significant  number  of 
people  are  affected  by  noise  of  low  flying  combat  aircraft.  To 
tediics  the  aiuioyance  to  the  community,  the  Geiman  Luft¬ 
waffe  has  introduced  a  number  of  operational  measures.  For 
example,  pilots  are  no  longer  allowed  to  fly  below  1000  ft 
(300  m)  and  above  <20  kt  (M,w  0.64),  and  the  total  time  at 
low-level  flying  has  been  reduced. 

The  noise  impact  on  the  population  may  be  funher  reduced  by 
complememing  these  operational  restrictions  by  technical 
measures,  which  reduce  the  noise  directly  at  the  source.  Sev¬ 
eral  technical  measures  have  been  investigated  and  their  effect 
on  weight,  engine  performance  and  aerodynamic  perfomiance 
of  the  aircraft  determined.  They  focus  on  the  noise  generated 
during  low  level  sorties  flown  by  the  German  Air-Force  and 
it’s  NATO  allies’  Tornados  and  in  future  by  new  fighter  air¬ 
craft. 

2  NOISE  SOURCES 

Combat  aircraft  are  required  to  fly  at  high  speeds  and  therefore 
require  an  engine  cycle  that  will  provide  a  high  specific  thrust. 
Additionaly,  to  minimize  the  aircraft’s  drag,  the  engine  should 
have  a  low  ftowal  aiea.  These  and  the  requiremem  for  after¬ 
burning  to  augment  thrust  during  combat  demand  an  engine 
cycle  which  is  either  a  straight  jet  or  a  low  bypass  ratio  turbo¬ 
jet.  The  exhaust  velocity  of  these  engines  is  well  over  600  m/s 
and  may  be  reheated  to  even  higher  velocities. 

In  a  flight  test  program  conducted  by  the  German  Bundes- 
wehr  (Erprobungsstelle  91  in  Meppen),  in-flight  acoustic  data 
WM  obtained  for  the  F- 16,  Alpha-Jet,  Tornado  and  Phantom. 
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Flg.1  Nsrrow-band spectrum  Ota  Tornado  at  30*  to 
tha  Inlet  axis  at  a  flight  velocity  of  480  kt  [3] 


The  narrow  band  spectrum  at  an  angle  of  30*  to  the  inlet  axis 
is  shown  in  Fig.  1  for  a  Tornado  flying  at  480  kt.  The  absence 
of  any  tonal  content  (fan  and  turbine  noise)  in  the  spectrum 
suggests  that  jet  noise  is  the  dominant  source.  In  addition,  the 
measured  noise  is  predicted  well  by  jet  noise  prediction  meth* 
oda  (I  and  2]. 

3  JET  NOISE 

let  noise  describes  the  sum  of  all  noise  components  generated 
by  the  jet.  let  mixing  noise  is  due  to  the  turbulent  mixing  of 
the  jet  with  the  surrounding  atmosphere.  In  jets  with  a  super¬ 
critical  pressure  ratio  which  are  incorrectly  expanded,  the  in¬ 
teraction  between  the  panem  of  oblique  shocks  and  rarefaction 
waves  with  the  turbulent  jet  leads  to  a  further  source  termed 
shock  associated  noise.  Of  these,  jet  mixing  noise  is  the  most 
fundamental  component  and  the  most  difficult  to  reduce. 

3.1  Jet  Mixing  Noise 

The  source  depends  primarily  on  the  shear  force  between  the 
jet  and  the  surrounding  environment,  and  hence  on  the  relative 
jet  velocity.  Fig.2  illustrates  the  dependence  of  the  relative 
acoustic  power  output  on  jet  velocity  and  temperature  of  a 
static  jet  with  constant  thmst.  At  constant  thrust  the  nozzle 
area  decreases  with  increasing  jet  velocity  and  increases  with 
increasing  temperamre.  As  illustrated  in  Fig.2,  reducing  the  jet 
velocity  is  the  most  powerful  tool  to  control  jet  mixing  noise. 

The  effect  of  increasing  the  temperature  is  to  increase  the 
noise  radiation  at  low  jet  velocities,  while  at  higher  jet  veloci¬ 
ties  the  converse  is  true.  However,  the  jet  temperature  is 
closely  linked  to  the  engine  cycle,  and  therefore,  altering  the 
jet  temperanire  to  control  noise  is  impractical. 


3.2  Shuck  Associnicd  Noise 

The  interaction  between  the  shock  cells  and  ihe  turbulence 
generates  a  broadband  signal  with  distinct  spectral  peaks. 

Since  the  shock  associated  noise  depends  on  the  existence  of 
the  shock  structures,  it  follows  that  shock  associated  noise  can 
be  controlled  or  even  eliminated  by  coirectly  expanding  the  jet 
to  the  suiTOunding  atmospheric  pressure.  This  can  be  accom¬ 
plished  by  close  control  of  the  nozzle  aerodynamics.  Conver¬ 
gent  nozzles  should  be  used  for  nozzles  operating  at  up  to  and 
slightly  beyond  Ihe  critical  pressure  ratio.  At  pressure  ratios 
clearly  above  the  critical  pressure  ratio  convergent-divergent 
nozzles  with  the  correct  exit  to  throat  area  ratio  should  be  em¬ 
ployed.  In  addition,  a  correctly  expanded  Jet  provides  for  mini¬ 
mum  thrust  losses. 
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Fig.  2  Variation  of  jet  mixing  noise  wHh  jet  velocity  and 
temperature 
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3.3  nighl  Velocity 

With  increasing  flight  velocity,  reducing  the  jet  noise  becomes 
iiKieisingly  difricult.  The  net  thrust  of  a  jet  engine  in  forward 
motion  with  a  correctly  expanded  nozzle  flow  is  given  by; 

T  ■  Myj- 


In  order  to  reduce  the  relative  velocity  between  the  jet  stMl  the 
surrounding  environment  j,  mass  flow  must  be  increased 
inversely  proportional  to  the  relative  velocity,  if  the  thrast  is  to 
be  maintained  constant.  This  leads  to  large  mass  flow  rises  if 
the  jet  velocity  is  reduced  at  high  flight  velocities. 

Further,  since  jet  mixing  noise  should  depend  on  the  relative 
velocity,  it  might  be  expe»  ted  that  the  noise  reduction  due  to 
forward  velocity  would  roughly  vary  according  to  tlie  eighth 
power  law  of  Lighthill's  theory  (3): 


AOASFL  -  lOlogjj 


t 


However,  due  to  the  convective  amplificaiion  of  a  moving 
source,  the  noise  reduction  due  to  flight  is  much  less.  In  fact 
the  triximuffl  flyover  jet  noise  correlates  more  closely  with 
the  abeolute  rather  than  the  relative  jet  veltxnty.  This  adtls  to 
the  difficulty  of  reducing  the  noise  at  high  flight  velocities. 


3.4  Jet  Noise  Prediction 

The  jet  mixing  noise  is  predicted  using  an  improved  method 
by  Michel  and  Bditchet  (2).  Shock  associated  noise  is  com¬ 
puted  using  a  modified  form  of  Tain's  method  (IJ).  The  pre¬ 
dictions  also  account  for  the  attenuation  due  to  atmospheric 
absorption  of  sound  at  30  %  relative  humidity. 
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4  INCREASING  THE  NOZZLE  AREA 
A  variable  nozzle  exit  area  provides  for  a  constant  corrected 
mass  flow  during  afterburner  operation  and  can  be  used  to  re¬ 
duce  the  jet  mixing  noise  during  normal  operation. 

During  low  level  flight  the  engines  of  a  typical  combat  aircraft 
nomially  operate  at  partial  of  the  available  thrust,  with  mass 
flow  through  the  engine  well  under  the  design  moss  flow.  The 
mass  flow  through  the  engine  is  limited  by  the  nozzle  throat 
area.  Increasing  the  nozzle  aret.  will  therefore  increase  the 
mass  flow  and  decrease  the  jet  velocity.  The  increased  power 
output  of  the  low  pressure  turbine  (LPT)  is  passed  on  to  the 
fan.  The  effect  of  increasing  the  nozzle  area  on  engine  per¬ 
formance  and  noise  was  investigated  on  the  basis  of  two  com¬ 
bat  aircraft  engines; 

•  an  engine  for  a  typical  fighter  aircraft  with  a  bypass  ratio 
of  0.4,  and 

•  theRB199withabypasstatioof  1.1  installed  in  the  multi- 
lola  combat  aircraft  Tornado. 


4.1  Engine  with  Bypass  Ratio  0.4 

4.1.1  Engine  Cycle 

Fig.3  shows  the  effect  of  increasing  the  nozzle  area  on  the  op¬ 
erating  point  in  the  fan-performance  map. 

Increasing  the  nozzle  throat  area  from  the  nominal  position 
(minimum  fuel  consumption)  to  the  maximum  area,  moves  the 
operating  point  to  the  desired  higher  corrected  mass  flow  rate 
(B~>C),  but  to  the  contrary  of  what  was  expected,  the  fan 
pressure  ratio  also  increases.  This  is  due  to  a  sharp  rise  in  the 
total  pressure  losses  in  the  bypass  duct.  Incteuing  the  mass 
flow  through  the  engine  increases  the  bypass  ratio,  which  rap¬ 
idly  leads  to  critical  flow  conditions  in  the  bypass  duct  of  this 
low  bypass-ratio  combat  aircraft  engine,  especially  near  the  af¬ 
terburner  fuel  manifolds  and  the  flame  stabilizers. 

Fig.4  illustrates  the  variation  of  some  parameters  of  interest  as 
the  nozzle  throat  area  is  increased  from  the  nominal  position  to 
the  maximum,  geometric  ares  (usually  selected  during  after¬ 
burner  operation)  for  a  typical  combat  aircraft  during  low  level 
flight  at  M|a  0.6.  The  top  diagram  (Fig.S.a)  shows  the  vari¬ 
ation  of  the  Mach  numbn  at  the  narrowest  point  in  the  bypass 
duct:  the  flame  stabilizers.  As  the  MKh  number  increases,  the 
total  pressure  losses  at  the  flame  stabilizen  (Fig.4.b)  and  in 
the  b^ass  duct  rise  sharply,  and  although  the  fan  efficiency 
improves  (see  Fig.3)  the  specific  fuel  consumption  of  the  en¬ 
gine  increases  by  30  %  (Fig.4.c). 

Fig.4.d  shows  the  variation  of  the  mean  jet  velocity  v,  at  the 
exit  of  the  convergent-divergent  nozzle  and  the  ideal  folly  ex¬ 
panded  jet  velocity  v^..  The  jet  will  anain  a  velocity  close  to 
the  ideal  folly  expanded  jet  at  some  distance  downstream  of 
the  nozzle  aiul  jet  noise  prediction  methods  (e.g.  [2]  and  (4)) 
use  ihie  velocity  as  input.  Therefore,  a  reduction  in  jet  mixing 
noise  is  apparent  as  the  ideal  fully  expanded  jet  velocity  re¬ 
cedes  from  the  value  at  the  nominal  nozzl :  throat  area  to  the 
value  at  the  maximum  nozzle  throat  area.  (The  next  section 
will  comment  on  the  behavior  of  the  nozzle  exit  velocity  v,.) 

If  the  noise  reduction  at  the  maximum  nozzle  area  is  compared 
to  a  30  %  rise  in  specific  fuel  consumption,  then  this  case  is  of 
little  practical  interest.  A  nozzle  schedule  could  be  devised, 
where  the  nozzle  area  is  increased  until  critical  flow  condi¬ 
tions  are  jiut  reached  in  the  bypass  duct.  This  would  be  a  good 
compromise  between  noise  reduction  and  losses  in  the  bypass 
duct. 


Fig.  3  F»n-p»riomanc0  m»p 
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nff.4  Variation  of  parametan  as  tha  nozzia  area  Is  In- 
craaaad  from  tha  nominal  position  to  tha  maxi¬ 
mum  gaomatric  araa. 
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Fig.  5  Variation  of  axit  araa.  fully  axpandad  jat  valoa'ty 
and  specific  fual  consumption  with  flight  Mach 
number 


Fig.3  UliutnKt  the  variation  of  the  exit  area,  the  ideal  fully 
expanded  jet  vdociiy  and  the  specific  fuel  consumption  for  a 
typical  combat  aiicraft  for : 

•  the  nominal  nozzle  area  (nom.). 

•  the  nozzle  area  t.  '.lere  critical  flow  conditions  are  just 
reached  in  the  bypass  duct  (cril.),  and 

•  the  maximuffl  nozzle  area  (max.) 

ax  a  huKtion  of  the  flight  Mich  number. 

The  afterbody  drag  and  spillage  drag  of  an  engine  are  also  in¬ 
fluenced  by  the  nozzle  exit  area.  Increasing  the  area  reduces 
the  afterbody  drag.  As  a  result  of  the  increased  mass  flow, 
spillage  drag  is  reduced.  Both  effects  will  improve  the  specific 
fuel  consumption  to  some  extend,  but  cannot  compensate  for 
the  losses  in  the  bypass  duct. 

4.12  Noal*  Atrodynamics 

To  minimize  thnst  losses  due  to  an  incorrectly  expanded  jet 
and  to  minimize  shock  associated  noise,  nozzle  aerodynamics 
must  be  controlled  carefully.  Some  modem  combat  aircraft  en¬ 
gines  operate  at  veiy  high  nozzle  pressure  ratios  and  often  re¬ 
quire  a  convergent-divergent  nozzle.  Fig.6  shows  the  static 
pressure  variation  in  a  convergent -divergent  nozzle  as  the 
pressure  ratio  across  the  nozzle  is  increased. 

The  ratio  of  exit  to  throat  area  should  always  match  the  nozzle 
pressure  ratio.  i.e.  the  static  pressure  of  the  jet  at  the  exit 
should  equal  the  surrounding  static  pressure  (cases  1 . 2,  3  and 
7).  If  this  is  not  so.  pressure  equilibrium  at  the  exit  is  estab¬ 
lished  over  a  series  of  shocks  either  within  (case  4)  or  outside 
of  the  nozzle  (cases  6  and  8). 


Fig.B  Static  Pressure  variation  in  a  convergent- 
divergent  nozzle 

A  convergenl-divergem  nozzle  can  be  adapted  to  provide 
shock-free  jet  flow  under  all  conditions  by  varying  the  area  of 
the  throat  and  the  exit  independently,  as  opposed  to  varying 
the  throat  area  and  linking  the  exit  area  to  the  throat  r  -ea,  but 
this  so  called  two-parameter  nozzle  adds  complexity  and 
weight  to  the  e.shausi  system. 

In  this  study,  only  a  single-parameter  nozzle  is  considered. 

Due  to  mechanical  constraints  increasing  the  nozzle  throat 
area  increases  the  ratio  of  the  exit  to  throat  area.  The  concern 
with  this  nozzle  is  that  this  leads  to  an  extreme  overexpansion 
of  the  nozzle  flow  at  partially  increased  nozzle  throat  area 
(case  6  in  Fig.6)  with  exit  velocities  much  higher  than  the  fully 
expanded  jet  velocity  (see  Fig.4).  At  this  condition  high  thrust 
losses  and  shock  associated  noise  occur.  This  condition,  how¬ 
ever,  could  be  avoided  with  a  two-parameter  nozzle  or  possi- 
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Wy  with  a  modined  single-parameter  nozzle.  At  the  operating 
condition  corresponding  to  the  fully  opened  nozzle  throat  area 
shown  in  Fig.4,  the  nozzle  pressure  ratio  has  dropped  suffi¬ 
ciently  to  provide  for  a  subMnic  flow  at  the  nozzle  exit. 

4.IJ  Soise Reduction 

The  calculiK  ed  EPNL  ia  shown  in  Fig.7  for  the  combat  aircrafi 
flying  at  100  m  as  a  function  of  flight  Mach  number.  The  total 
noise  (i.e.  jet  mixing  noise  and  shock  associated  noise)  and  jet 
mixing  noise  only  have  been  computed  separately; 

•  for  the  nominal  engine, 

•  for  the  engine  with  an  mcreased  nozzle  throat  area  where 
critical  conditions  are  just  reached  in  the  bypass  dua,  and 

•  for  the  engitte  with  the  maximum  possible  geometric  noz¬ 
zle  throat  area. 

As  the  flight  Mach  numbe'  increases,  shock  associated  noise 
becomes  increasingly  dominant  and  the  to;a)  noise  reaches  the 
level  of  the  reference  aircraft  with  the  nominal  nozzle  area 
above  a  flight  Mach  number  of  approx.  0.8.  Noise  reduction 
by  increasing  the  nozzle  area  must  therefore  be  coupled  with  a 
two-parameter  nozzle.  The  resulting  computed  reduction  in  jet 
noise  would  be  slightly  lower  than  the  jet  mixing  noise  only 
curves,  due  to  reduced  thrust  losses  in  the  nozzle,  and  there¬ 
fore  reduced  engine  rating.  .\t  M(  *  0.6  the  reduction  would  be 
aboul6EPNdB. 
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Fig.  7  Predicted  EPNL  tor  a  fighter  aircraft  at  100  m  with 
an  increased  nozzie  throat  area  for  rtoise  reduc¬ 
tion 


Fig.8  shows  the  l/3-<ictave  spectrum  at  60*  for  a  flyover  at 
100  m  atid  M, »  0.8.  Shock  associated  noise  can  be  clearly 
seen  in  the  1/3-octave  spectrum  at  a  frequency  of  2  kHz. 


4.2  Engine  with  Bypass  Ratio  1.1 

During  low  level  steady  flight  the  engines  of  the  Tomadc  op¬ 
erate  at  a  much  higher  thrust  rating  than  the  engittes  installed 
in  the  typical  fighter  aircraft  described  in  section  4. 1 .  In  addi¬ 
tion,  the  thrust  rating  of  the  Tornado  depends  heavily  on  the 
aircraft  configuration  and  load. 

The  larger  design  bypass  ratio  of  this  engine  prevents  the  criti¬ 
cal  flow  conditions  in  the  bypass  duct  as  the  nozzle  area  is  in¬ 
creased  up  to  the  maximum  possible  area.  But  this  can  not  be 
fully  exploited,  since  the  engine  rapidly  reaches  its  mechanical 
limits  at  some  operating  points  as  the  nozzle  area  is  itKreased. 


Rg.8  1/3-Octave  Spectrum  at  60°  to  the  inlet  axis  fora 
flyover  at  100  m  and  M-Q.B  with  various  nozzle 
throat  areas 


4.2.1  Engine  Cycle 

To  investigate  the  effect  of  increasing  the  nozzle  exit  area  on 
the  engitte  cycle  two  aircraft  loads  were  considered: 

•  clean  aircraft,  and 

•  heavy  wing  aircraft. 

Figs.9  and  10  show  the  variation  of  some  parameters  of  inter¬ 
est  with  the  nozzle  exit  area  for  the  clean  aircraft  and  the 
heavy  wing  aitcraft,tespectively,at  a  flight  Mach  number  of 
0.7. 


Fig.9  Variation  of  the  relative  thrust,  the  relative  low 
pressure  system  r.p.m,  the  relative  turbine  entry 
temperature,  the  exit  Mach  number  and  the  spe- 
ciffc  fuel  consumption  with  the  nozzle  exit  area  for 
the  clean  Tornado  at  M^m  0.7. 


U  tha  nozzle  flow  is  ondetexpiaded.  shock  associsnd  noise 
must  be  taken  into  considentian. 


Fig.  10  Vari3tion  o!  the  relative  thrust  the  relative  law 
pressure  system  r.p.m,  the  relative  turbine  entry 
temperature,  the  exit  Mach  number  and  the  spe¬ 
cific  fuel  consumption  with  the  nozile  exit  area  for 
the  heavy  wing  Tornado  at  M, «  0. 7. 

For  the  clean  aircraft  (Fig.9)  the  rotational  speed  of  the  low 
pressure  system  and  the  turbine  entry  temperature  increase 
within  their  mechanical  limits.  Thrust  can  be  maintained  up  to 
the  maximum  nozzle  exit  area,  but  the  corresponding  specific 
fuel  consumption  increases  by  almost  50  %.  (The  effect  of  in¬ 
creasing  the  nozzle  exit  area  on  the  spillage  drag  and  afterbody 
drag  have  been  included  in  the  thrust  calculation.)  Due  to  the 
reduction  of  the  nozzle  pressure  ratio  the  nozzle  exit  Mach 
number  recedes  from  unity. 

The  higher  thrust  requirements  of  the  heavy  wing  aircraft 
drive  the  engine  to  its  mechanical  limits  as  the  nozzle  exit  area 
is  itKreased.  This  can  be  seen  in  Fig.lO  where  the  rotational 
speed  of  the  low  pressure  system  and  the  turbine  entry  tem¬ 
perature  reach  their  maximum  permissible  values.  The  pre- 
scnbed  thrust  can  no  longer  be  maintained  and  falls  off. 

For  the  purpose  of  noise  reduction  a  nozzle  schedule  is  pro¬ 
posed  which  avoids  these  mechanical  limits,  with  the  implica¬ 
tions  that  the  nozzle  exit  area  can  be  opened  wider  for  low 
thrust  ratings  (i.e.  clean  aircraft  and  low  flight  Mach  number) 
than  for  high  thrust  ratings  (i.e.  heavy  wing  aircraft  and  high 
flight  Mach  numbers). 

4  2.2  Notzit  Aerodynamics 

The  engine  of  the  Tornado  has  a  variable  area  convergent  noz¬ 
zle.  As  can  been  seen  in  Figs.P  and  10  the  nozzle  exit  Mach 
number  falls  below  unity  for  the  clean  aircraft,  implying  that 
the  nozzle  pressure  ratio  has  fallen  below  the  critical  value. 
However,  the  exit  Mach  number  of  the  heasTt  wing  aircraft  re¬ 
mains  one,  implying  that  the  nozzle  pressure  ratio  is  equal  to, 
or  above  the  critical  value. 


4.2J  Noise  Redaction  and  Specific  Fuel  Consumption  for  the 
Proposed  Nozzle  Schedule 

Fig.  1 1  shows  the  predicted  EPNL  for  a  Tornado  flying  at 
100  m  u  a  function  of  Bight  Mach  number.  Total  jet  noise  and 
jet  mixing  noise  only  have  been  computed  separately.  It  can  be 
seen  that  shock  associated  noise  may  become  important  at 
high  flight  Mach  numbets  especially  for  the  heavy  wing  air¬ 
craft.  At  Mf  w  0.6  the  calculated  jet  noise  reduction  is  4.0  and 
5.0  EPNdB  for  the  clean  aircraft  and  the  heavy  wing  aircraft, 
respectively. 
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Fig.  1 1  Predicted  EPNL  as  a  function  of  flight  Mach  num¬ 
ber  for  Tornado  at  100  m  with  the  proposed  noz¬ 
zle  schedule 


The  effect  of  the  proposed  nozzle  schedule  on  the  specific  fuel 
consumption  is  shown  in  Fig.l2.  The  specific  fuel  consump¬ 
tion  rises  by  up  to  20  %. 


5  EFFECT  OF  DESION  BYPA.SS  RATIO  ON  NOISE 
Increasing  the  bypass  ratio  increases  the  moss  flow  tlirough 
the  engine,  and  jet  noise  may  therefore  be  reduced.  To  investi¬ 
gate  this  in  more  detail,  the  design  bypass  ratio  of  a  modem 
combat  aircraft  engine  was  varied  between  0.25  and  O.S  on  die 
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baaia  of  cansum  take-off  ihruat. 


mio  0.23.  Engine  weight  vahea  only  aiightly  with  bypaaa  ra¬ 
tio. 


Fig.  12  Spedtic  fud  consumption  as  a  function  of  flight 
Mach  numbsr 


The  effect  of  the  bypaaa  ratio  on  aome  engine  parameters  of 
inlereat  of  thia  engine  when  inatalled  in  a  modem  combat  air¬ 
craft  during  low  level  flight  at  Mach  numbers  between  0.4  and 
0.9  ia  shown  in  Fig.l3  for  3  notzle  poaitiona; 

•  the  nominal  (minimum  fuel  consumption)  nozzle  ezh  area 
(nom.), 

•  the  nozzle  exit  area  where  critical  flow  conditions  in  the 
bypass  duct  are  just  reached  (crit.),  and 

•  the  maximum  nozzle  area  (max.). 


2  .4  .6  8  BPR 


Fig.  13  Variation  of  tha  nozzia  axit  araa,  tha  fully  ax~ 

pandaO  fat  valocity  and  tha  spacific  fual  consump¬ 
tion  with  bypass  ratio 

It  can  be  seen  that  the  ftiUy  expanded  jet  velocity  falls  with  in¬ 
creasing  bypass  ratio,  corresponding  to  a  reduction  in  jet  noise 
shown  in  Fig.  14.  Only  the  jet  mixing  noise  curves  are  shown 
and  the  corresponding  noise  reduction  would  apply  to  an  en- 
gne  with  a  correctly  expanded  nozzle  flow  (i.e.  no  shock  asso¬ 
ciated  noise). 


Fig.  14  Pradictad  HPNL  for  a  modam  combat  aircraft  at 
100  m  for  various  bypass  ratios  and  nozzia  throat 

araas 


Fig.  IS  Soma  angina  dimansions  as  a  function  of  tha  by¬ 
pass  ratio 

In  addition  to  dimensional  and  weight  aspects,  the  choice  of  a 
fighter  aircraft  engine  ia  influenced  by  the  maximum  achiev- 
abia  thrust  and  fuel  consumption  at  the  iclevam  operating  con¬ 
ditions,  A  high  bypass  ratio  engine,  for  example,  normally  has 
a  lower  thrust  at  transonic  and  supersonic  flight  at  dry  condi¬ 
tions  and  an  increased  fuel  consumption  at  afterburning  condi¬ 
tions,  compared  to  a  low  bypass  ratio  engine  of  the  tame  com¬ 
ber  thmst  at  tea  level  static  conditions. 

6  VARIABLE  CYCLE  ENGINES 
Variable  cycle  engines  (VCE)  can  actively  alter  the  geoir<etry 
of  the  engiiw  to  modify  the  engine  cycle  to  suit  requiiements. 
For  the  0.4  bypass  ratio  engine  mentioned  earlier,  variable  ge¬ 
ometry  can  be  used  to  partially  compensate  for  the  losses  in¬ 
curred  in  the  bypass  duct  as  the  nozrie  area  is  increased. 

As  described  in  the  section  4  jet  noise  may  be  .'-xhiccd  by  in¬ 
creasing  the  nozzle  throat  area.  Referring  back  to  the  fan  per¬ 
formance  map  in  Fig.3  it  can  be  seen  that  as  the  nozzle  throat 
aiea  is  increased,  both  the  pressure  ratio  aiid  corrected  mass 
flow  iiKrease  from  B  to  C.  Fig.  1 6  shows  some  additional  pa¬ 
rameters  of  interest,  together  with  the  effect  of  additional 
changes  to  the  engine,  u; 


The  variation  of  some  impoitant  dimensions  are  shown  in  *  '**  "<»***«  “«*  “  increased  ftom  the  nominal  to  the 

Fig.15.  The  outer  diameter  and  the  total  length  of  the  engine  maximum  position  (D->C), 

with  bypass  ratio  0.8  it  9.6  %  and  5.3  %.  larger,  respectively  •  the  area  of  the  bypass  duct  near  the  flame  stabUizers 
than  the  corresponding  dimensions  of  the  engine  with  bypass  (where  critical  flow  conditions  are  reached  first)  is  in- 


/ 


/ 
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incraaMng  th«  nozzle  throat  area  irx;raoang  Ihe  bypon  duct  orao  imptoving  the  fan  eftIcierKry 


Fig.  16  Vtriatlon  of  soma  angina  paramatara 


Fig.  17  Varlabla  cycia  angina:  Incraasad  bypass  duct 

araa 

creited  (C->D),  «nd 

•  the  efficiency  of  the  fan  is  improved,  say  by  a  variable  ge¬ 
ometry  counter  rotating  fan  (D->E). 

The  high  losses  in  the  bypass  duct  can  be  reduced  if  its  cross- 
seaional  area  is  increased.  The  effect  of  this  is  shown  in  the 


fan  perfotmance  map  (Fig.3):  line  C  to  D.  The  pressure  ratio 
across  the  fan  fails  consistent  with  the  reduced  pressure  losses 
in  the  bypass  duct.  Unfortunately  the  fan  efficiency  also  drops. 
Increasing  the  cross-sectional  area  only  partially  restores  the 
value  of  the  specific  fuel  consumption  but  still  falls  far  short 
of  the  original  value  at  B.  It  has  no  effect  on  jet  velocity  and 
mass  flow  and  therefore  on  Jet  noise. 
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The  fuel  consumption  can  be  further  improved  by  replacing 
the  conventional  LPC  by  a  more  efficient  variable  geometry 
(e.g.  counter  rotating)  fan.  Specific  fuel  consumption  improves 
considerably  but  is  still  20  %  higher  than  that  of  the  reference 
engine  (at  B). 

The  required  modifications  to  the  bypass  duct  are  illustrated  in 
Fig.  1 7.  The  critical  area  of  the  bypass  duct  near  the  flame  sta¬ 
bilizers  can  be  iiKreased  by  260  %  and  the  area  of  the  remain¬ 
ing  bypass  duct  by  100  %.  This  will  require  in  increase  in  en¬ 
gine  diameter  of  13  cm  and  therefore  major  modifications  to 
the  aircraft. 

The  computed  EPNLs  of  the  variable  cycle  engine  are  similar 
to  the  engine  with  an  increased  nozzle  area  (Fig.7). 

7  MIXER-EJECTOR  NOZZLES 
In  the  following  section  noise  reduction  measures  are  pre¬ 
sented  that  do  not  willingly  alter  the  engine  cycle.  Tlie  after¬ 
burner  of  the  Tornado  engine  could  be  modified  to  operate  as 
a  variable  geometry  ejector  nozzle  as  illustrated  in  Fig.  18. 

Secondary  intakes  in  the  aircraft  and  tiie  engine  allow  ambient 
air  to  enter  the  afterburner  and  miz  with  the  primary  exhaust 
flow.  During  afterburner  operation  the  intakes  are  closed  and 
the  chutes  retracted  and  stored  between  the  engine  and  the  fu¬ 
selage  of  the  aircraft.  Access  to  the  afterburner  is  only  possible 
over  pan  of  the  circumference  due  to  the  elevator  to  one  side 
of  the  engine  and  due  to  the  second  engine  to  the  other  side  of 
the  engine. 


Mass  flow  is  increased  at  the  expense  of  jet  velocity  and  asso¬ 
ciated  jet  mixing  noise  while  maintaining  thrust.  To  allow  for 
the  extra  mass  flow  the  nozzle  exit  area  is  increased  to  the 
maximum  position  (usually  selected  during  afterburner  opera¬ 
tion),  which  also  reduces  the  afterbody  drag. 

The  performance  of  the  ejector  depends  on  the  efficiency  of 
the  nirbulent  mixing  between  the  primary  and  secondary 
streams.  If  the  length  to  diameter  ratio  of  the  mixing  chamber 
is  of  the  order  6  to  8.  then  ejector  perfonnance  is  rood,  and  a 
uniform  velocity  profile  will  leave  the  nozzle.  However,  the 
ratio  for  the  afterburner  of  RB 199  is  much  shorter,  which 
makes  it  necessaty  to  use  a  multiple  chute  nozzle  as  shown  in 
Fig.l8.  The  number  of  "primary  chutes"  is  8  to  give  a  relative 
length  to  diameter  ratio  of  about  6.  The  associated  reduction  in 
mixing  length  is  the  principle  advantage  of  the  mixer-ejector. 

Another  imponani  factor  for  the  ejector  performance  are  the 
two  forward  facing  intakes  on  the  top  and  bonom  of  the  aft 
section  of  the  aircraft.  They  each  distribute  the  secondary  air¬ 
flow  to  the  3  chutes  on  the  top  and  bonom  of  the  mixer-ejector 
nozzle.  The  oncoming  flow  must  turn  sharply  into  the  ejector 
and  is  retarded  as  it  enters  the  intake,  but  the  associated  pres¬ 
sure  losses  for  a  forward  facing  intake  are  less  than  for  a  flush 
intake. 


intcike 


ftrselage 


nozzle  in  combat  position 


Fig.  1$  Mixer- Ejtclor  Nozzle  lor  Tomedo/RB199 
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7.1  One  Oimcnsiunal  Aerodynamic  Calculation 
To  invesiigate  the  perfomiance  of  the  ejector  a  one  dimen- 
sionat  routine  to  solve  the  conservation  laws  for  mass,  mo¬ 
mentum  and  energy  within  a  cylindrical  mixing  control  vol¬ 
ume  was  developed.  To  account  for  all  losses  due  to 
incomplete  mixing  and  skin  friction  a  momentum  loss  factor 
of  0.9  was  used.  According  to  [6]  this  value  is  within  the  range 
for  an  optimum  ejector  design. 

Nozzle  pressure  ratio  and  jet  total  temperature  for  the  aircraft 
at  a  flight  Mach  number  0.6  are  of  the  order  2.25  and  620  K  , 
respectively.  The  corresponding  fully  expanded  jet  velocity  is 
320  m/s.  The  ejector  secondary  to  primary  mass  flow  ratio  is 
0.6  and  the  mean  jet  velocity  i»  reduced  to  405  m/s.  The  pre¬ 
dicted  in-flight  noise  reductio/.  for  a  100  m  direct  flyover  of 
a  heavy  wing  aircraft  is  7.0  EPNdB.  The  EPNL  and  the  spe¬ 
cific  fuel  consumption  os  a  function  of  Mach  number  are 
shown  in  Fig.  19  ar.d  Fig.  20.  respectively,  for  the  two  Tornado 
configurations  with  different  weight  and  drag,  ft  should  be 
notea,  tlial  it  is  assumed  that  high  frequency  mixing  noise  gen¬ 
erated  inside  the  ejector  can  be  absorbed  by  allowing  the  heat 
shield  of  the  atlerbuiner  to  function  as  an  acoustic  liner. 


7.2  Twu-dimeasiunal  viscous  CFD  cumpulaliun 
To  investigate  the  external  flow  about  the  ejector  shroud  and 
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Fig.  19  Pmdictod  EPNL  of  a  Tornado  at  100  m  with  and 
without  an  ajactor  for  noiaa  raduction 
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Fig.20  Changa  in  spacific  lual  consumption  of  a  Tornado 
dua  to  an  aj’ector 


into  the  inlet  a  viscous  2D  CFO  simulation  of  the  mixer- 
ejector  at  Mf  w  0.7  was  carried  out.  Fig,21  shows  the  contour 
fitted  mesh  around  the  mixer-ejector  configuration.  The  figure 
does  not  show  the  flnal  configuration,  nevenheless  the  results 
are  considered  to  be  wonhy  to  be  included. 


The  basic  ejector  performance  of  the  viscous  CFD  calculation 
was  in  quite  good  agreemem  sridi  the  simple  one-dimensional 
ejector  routine. 

The  velocity  vectors  illustrated  in  Fig.22  show  that  the  flow 
separates  from  the  lip  of  the  forward  facing  intake.  A  large 
separation  bubble  fomts  and  the  flow  does  not  reattach.  The 
associated  pressure  drag  would  be  high.  However,  the  2D 
compuution  is  by  deflnition  symmetric  around  the  axis  of  the 
engine  and  the  resulting  intake  area  — with  the  intake  height 
being  the  same  — is  therefore  twice  as  large  as  for  the  real 
ejector.  If  the  flow  were  to  be  modelled  by  a  3D  computation 
fully  resolving  the  geometry  of  the  ejector,  spillage  would  be 
less  and  mote  encouraging  lesults  would  be  expected. 

»  AFT-FAN 

Giilfstream  .Aerospace  has  proposed  an  aft-fan  to  reduce  the 
jet  mixing  noise  of  civil  jet  engines  [7].  .A  similar  concept  has 
been  devised  for  a  combat  airctaft  engine,  where  the  after¬ 
burner  can  be  temporarily  (training  aircraft)  or  permanently  re- 
olaced  by  a  duct  housing  an  aft-faii  as  illustrated  in  Fig.23.  An 
additional  turbine  extracts  energy  from  the  exhaust  flow  and 
powers  a  fan  attached  to  the  outside  of  the  turbine.  The  fan 
draws  in  additional  ambient  air  and  expels  it  together  with  the 
turbine  flow  through  the  common  nozzle.  For  stmciural  and 
aerodynamic  reasons  stators  are  positioned  upstream  of  the 
fanAurbine  rotors. 


The  afl-fan  reduces  the  total  pr  mite  and  temperature  of  the 
primary  flow.  Analogous  to  the  ejector  mass  flow  is  increased 
at  the  expen.se  of  jet  velocity  and  consequently  jet  mixing 
noise  is  reduced. 

Due  to  thermal  constraints  aflerbumer  operation  is  not  possi¬ 
ble.  but  interestmgly  the  thrust  performance  of  the  afl-fan  is 
better  than  for  the  ejector.  In  fact  the  aft-fan  produces  a  thrust 
gain  of  30  %  ai  take-off,  which  may  make  the  afterburner  re¬ 
dundant  if  the  aircraft  is  used  for  low-level  flying  only.  The 
perfotmaiKC  of  the  aft-fan  was  determined  by  applying  the 
power  balance  between  the  fan  and  the  nirbine  and  making 
reasonable  assumptions  for  the  fan  and  turbine  pressure  ratios 
and  efficiencies.  At  M,  =  0.6  fan  to  turbine  mass  flow  ratio  is 
0  g  (secondary  to  primary  mass  flow  ratio  for  the  ejector  was 
0.6).  Assummg  that  turbine  and  fan  flows  will  not  mix  along 


EPNL  (EPNdB)  (EPNdB) 
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Intake  ,tator 


Flg.23Afffan  tor  Tomado/RB199 


the  shoR  distance  to  the  nozale  exit,  then  the  flow  will  leave 
the  nozzle  with  a  coaxial  velocity  profile.  Jet  velocities  of  the 
tuthine  and  fan  flow  are  410  mjs  and  350  mjs,  respectively. 
The  conesponding  jet  noise  reduction  is  6.4  EPN^.  Fig.24. 
shows  the  EPNL  as  a  functiaa  of  flight  Mach  number. 

To  enhance  the  analysis  an  aerodynamic  layout  using  a 
streamline  geometry  program  was  carried  out.  The  computa¬ 
tional  domain  and  the  resulting  streamlines  are  shown  in 
Fig.25.  The  pressure  ratio  of  1.6  across  the  fan  is  considered  to 
be  quite  high  but  should  be  within  accepted  limits.  The  small 
hub  of  the  turbine,  however,  poses  an  aerodynamic  as  well  as 
a  strucraral  challenge.  The  low  angular  velocity  of  the  turbine 
near  the  hub  implies  a  low  energy  extraction  from  the  exhaust 
flow.  The  reduction  in  jet  velocity  will  therefore  be  somewhat 
less  than  the  ideal  one  dimcnsiaaal  reduction. 


Fig.2S  Computational  domain  and  computed  streamlines 
9  CONCLUSION 

The  technical  measures  for  the  teduaion  of  jet  noise  range 
from  simple  modifications  to  the  nozzle  schedule  to  replacing 
the  complete  exhaust  system.  Variable  cycle  engines,  mixer- 
ejecton  and  aft-fans  add  considerable  complexity  and  weight 
to  the  exhaust  system  but  merit  this  by  an  improved  fuel  con¬ 
sumption  when  compared  to  increasing  the  nozzle  area. 

The  results  obtained  in  this  study  should  be  considered  suffi- 


Rg.24  Predicted  EPNL  for  a  Tornado  at  100  m  with  an 
aft-fan  for  noise  reduction 
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ciemly  encounging  to  wunni  continued  development  end  im- 
plementttian  of  some  of  these  technics!  metsures  for  the  le- 
ductioo  of  jet  noise. 
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Discussion 


QUESTION  BY:  A.  Koc,  MBB,  Geraany 

If  you  take  the  aixer-ejector  nozzle  type,  what  Is  happening 
with  the  aerodynaaic  drag?  Because  with  Increasing  drag,  you 
need  acre  thrust  and  so  Che  SFC  increases  also. 

AUTHOR'S  RESPONSE: 

With  the  ejector  the  thrust  of  the  engine  is  increased,  when 
Che  engine  power  setting  is  held  constant,  even  at  high 
flight  speeds.  Spillage  drag  at  the  secondary  air  inlets  can 
be  ainiaized  by  careful  choice  of  the  inlet  cross-sectional 
area. 
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SUMMARY 

Possible  technical  measures  for  the  reduction  of 
aircraft  engine  noise  are  evaluated  with  respect 
to  tho  noise  attenuation  potential  at  take>off, 
low  level  flight  and  landing  and  their  acnlicabi- 
llty  to  the  combat  aircraft  of  the  German  Air¬ 
force  (GAP)  is  discussed. 

Based  on  this  analysis  short  and  mid  term  solu¬ 
tions  for  Tornado  are  proposed  and  Investigated 
with  respect  to  noise  attenuation,  integration, 
weight,  flight  performance,  operational  impact 
and  safety. 

Tho  design  concept  of  a  “Low  Noise  Training-Tor¬ 
nado*  with  reheat  less  fiB199  engines  and  ejector 
nottles  Is  described. 

U8T  OF  SYMBOLS 

A/C  aircraft 

A)l  notzle  area 

Ap  primary  mixer  area,  exhaust  gas 

*3  secondary  mixer  area,  air 

BMC  basic  mass  empty 

Ek  net  thrust 

M  flight  Mach  number 

m3/mp  secondary  to  primary  mass  flow  ratio 

SFC  specific  fuel  consumption 

S.L.  sea  level 

SOT  turbine  inlet  temperature 

1.  INTRODUCTION 

Aircraft  noise  is  primarily  related  to  engine 
noise,  Oue  to  the  introduction  of  high  bypass 
turbofan  engines  the  noise  of  civil  aircraft  was 
drastically  reduced  In  the  last  twenty  years.  The 
high  bypass  air  flow  decreases  jet  noise  and  the 
fan,  compressor  and  turbine  noise  is  attenuated 
by  design  measures  and  sound  absorbing  material 
in  the  intake,  bypass  and  exhaust  duct.  / 

To  meet  the  required  weapon  system  performance 
most  military  combat  aircraft  have  to  provide  su¬ 
personic  flight/cuise  capability  and  high  manetr^ 
verabllity.  This  led  to  the  development  of /^ro 
or  low  bypass  ratio  afterburning  engines  with 
high  thrust-to-weight  ratio  and  small  diameter  to 
reduce  supersonic  aircraft  drag.  For  these  en¬ 
gines  the  main  source  of  noise  is  the  high  energy 
exhaust  jet.  The  turbo  component  noise  (e.  g.  fan 
noise)  Is  of  much  lower  order. 

Therefore,  noise  attenuation  of  combat  aircraft 
has  to  be  concentrated  on  the  reduction  of  jet 
noise. 


2.  LOW  LEVEL  FUQHT  NOISE  OF  GAF  COMBAT 
AIRCRAFT 

Since  at  least  10  years  the  noise  of  low  flying 
combat  aircraft  Is  a  continuous  matter  of  com¬ 
plaints  in  Germany.  Therefore,  in  1984  a  test 
campaign  was  carried  out  by  the  German  Ministry 
of  Defence  (Ref.  !)  to  establish  the  noise  level 
of  all  relevant  military  aircraft  of  the  GAF  and 
the  Allied  Forces  operated  in  the  area  of  the  Fe¬ 
deral  Republic  of  Germany. 


Flight  VetoeNy 

Fig.  1  Impact  of  Flight  Velocity  on  Noise 
Emission 


Fig.  /  shows  the  results  for  three  most  relevant 
GAF  aircraft.  The  flyover  noise  is  mainly  a  func¬ 
tion  of  flight  velocity.  The  noise  level  of  the 
Tornado  is  about  8  dfl(A)  lower  compared  with  the 
Phantom  as  the  Tornado  engine  has  a  bypass  ratio 
of  about  1  whereas  the  Phantom  engine  is  of  the 
turbojet  type  (bypass  ratio  "ze^"). 

Besides  the  noise  level  the  gradient  of  noise  in¬ 
crease  /Fig.  2/  also  causes  annoyance  to  people 
’"<4^  to  the  shock  effect.  In  Fig.  J  the  measured 
impecl  of  flight  altitude  and  velocity  on  noise 
level  X^radient  is  shown  for  the  Tornado  air¬ 
craft.  0ou814qg  the  flight  altitude  decreases  the 
noise  level  by  abouCd  d8(A)  but  has  only  a  minor 
'mpact,_on__^e  gradien't-of  noise  jncrease.  Hence, 
the  most  important  parameter  for  low  flying  air¬ 
craft  noise  is  flight- velocity. 

\ 
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Fig.  2  Typical  Flyover  Noise  Profile 


Fig.  3  Tornado  Low  Level  Flight  Noise 


It  should  be  noted  that  although  the  increase  of 
flight  altitude,  e.  g.  from  75  m  to  150  m,  redu¬ 
ces  flyover  noise  by  about  6  dB(A),  the  sideline 
noise  e.  g.  beyond  240  m  may  be  increased.  This 
is  because  of  the  noise  absorption  of  the  ground. 
Fig,  4  shows  the  calculated  noise  distribution  as 
a  function  of  flight  altitude.  The  demonstrated 
impact  of  flight  altitude  on  flyover  noise  as 
well  as  on  sideline  noise  could  be  verified  by 
the  measurements  in  Ref.  1. 

In  many  cases  the  introduction  of  operational 
measures  as  listed  above  has  a  detrimental  impact 
on  the  level  of  pilot  training  and  therefore 
needs  to  be  evaluated  carefully.  Nevertheless, 
some  of  these  measures  have  already  been  intro¬ 
duced  by  the  German  Airforce  in  1989. 
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Fig.  4  Impact  of  Flight  Altitude  on  Ground- 
Noise  Distribution 


4.  TECHNICAL  MEASURES 

As  the  operational  measures  in  many  cases  ad¬ 
versely  affect  the  pilot  training  effectiveness 
if  a  meaningful  noise  attenuation  is  to  be 
achieved,  the  potential  and  applicability  of 
technical  measures  -  taking  into  account  integra¬ 
tion  aspects  and  the  impact  on  engine  and  flight 
performance  -  are  discussed  in  this  paper  and 
proposals  for  short  term  as  well  as  mid  term 
solutions  for  Tornado  are  presented. 

4.1  Survey  and  Applicability  of  Technical 

Neatures 


3.  OPERATIONAL  NOISE  REDUCTION  MEASURES 

The  operational  measures  to  reduce  the  nuisance 
to  people  resulting  from  combat  aircraft  noise 
can  roughly  be  summarized  as  follows; 

-  Increase  of  low  level  flight  altitude 
(e.  g.  from  75  ffl  to  150  m  »•>  •  6  d0(A)) 

-  Reduction  of  flight  velocity 
(e.  g.  by  50  kn  — >  5-7  dB(A)) 

-  Removal  of  external  stores  (•  3  d8(A)) 

-  Low  level  intercept  training  at  higher 
altitude  (e.  g.  from  150  m  to  300  m 
•■>  •  6  dB(A)) 

-  Reduction  of  low  level  flying  time 
(e.  g.from  28  min  to  15  min) 

-  Flight  path  planning  to  avoid  areas  with 
dense  population,  hospitals  etc. 

-  Transfer  of  low  level  flight  training  into 
foreign  countries  with  la^'ge  unpopulated 
areas 

-  Use  of  low  level  flight  training  simulators 
(not  yet  available) 


fible  I  summarizes  the  technical  measures  which 
may  reduce  engine  and  especially  jet  noise  of  mi¬ 
litary  aircraft.  They  are  evaluated  with  respect 
to  their  noise  attenuation  potential  during  take¬ 
off,  landing  and  low  level  flight  and  to  their 
applicability  to  GAF  combat  aircraft. 

Reduction  of  Jet  Velocity 

Reducing  exhaust  jet  vslocity  of  the  engine  is 
the  most  effective  measure  for  jet  noise  attenua¬ 
tion.  This  can  be  achieved  by  opening. the  exhaust 
nozzle  at  part  load  operating  conditions  (in¬ 
crease  of  air  mass  flow  at  constant  thrust)  and 
by  ejector  nozzles.  ^ 

Noise  optimized  nozzle  contrdi  provides  noise 
attenuation  at  part  load  only,  as  for  max.  thrust 
the  nozzle  needs  to  be  dosed.  It/ft^applicable 
to  aircraft  with  engines  with  variable  exhaust 
nozzles,  like  Tornado  and  Phantoig. 

A  much  greater  noise  reduction  potentT>4>^is 
offered  by  the  installation  of  exhaust  ejectori> 
as  a  higher  increase  in  air  mass  flow  can  be 
realized.  Noise  attenuation  is  achieved  at  all 
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T«b)t  1  Possible  Engine-MIrcraft  Hodif ications 
for  Noise  Attenuation 
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flight  conditions  but  its  realitation  for  reheat 
enoines  necessitates  the  development  of  complex 
folding  nozzles  and  adds  considerable  weight  to 
the  end  of  the  aircraft.  Therefore,  the  appli¬ 
cation  can  only  be  recommended  for  aircraft  with 
nonafterburning  engines  or  for  modified  aircraft, 
which  will  be  used  for  special  training  tasks 
only,  like  low  level  flight  training,  and  which 
do  not  need  the  afterburner,  for  the  Phintom  the 
ejector  is  not  advisable  as  a  modification  of  the 
rear  fuselage  would  be  necessary. 

Mixing  of  core  and  bypass  flow  offers  some  noise 
reduction  and  can  be  recommended  for  the  Alpha 
-t  with  its  unmixed  flow  engines. 

frequency  Shift 

Multitube,  lobe  and  corrugated  nozzles  increase 
the  frequency  of  the  jet  noise  and  reduce  the 
length  of  the  free  exhaust  gas  stream.  As  at¬ 
mospheric  absorption  capability  increases  with 
frequency  the  jet  noise  is  attenuated.  This  type 
of  nozzle  is  well  known  as  hushkits  for  the  late 
civil  aircraft  with  low  bypass  engines  but  cannot 
be  applied  to  combat  aircraft  with  variable  ex¬ 
haust  nozzle  engines  (reheat  engines). 

Jet  Profile 

A  nonconcentric  arrangement  of  the  primary  and 
the  bypass  stream  provides  -  according  to 
Ref.  2  -  a  noise  reduction  potential,  but  it  de¬ 
creases  with  forward  flight  velocity. 

An  inversion  of  the  hot  (fast)  and  cold  exhaust 
stream,  such  that  the  faster  stream  is  outside 
and  Surrounding  the  cold  stream  with  lower  velo¬ 
city,  reduces  -  according  to  Ref.  3  -  the  free 
stream  length  and  by  this  the  jet  noise.  An 
application  to  combat  aircraft  with  mixed  flow 
reheat  engines  is  not  possible. 


The  introduction  of  swirl  generators  into  the  ex¬ 
haust  jet  to  reduce  free  stream  length  and  hence 
noise  is  not  a  practical  measure  for  combat  air¬ 
craft,  as  its  integration  is  difficult,  the 
thrust  loss  is  high  and  the  effectiveness  has  not 
been  demonstrated  as  far  as  known. 

Absorption 

Noise  absorbing  materials  and  devices  (e.  g. 
Helmholtz  resonators)  can  be  used  in  ducts  (e.  g. 
intake,  bypass,  ejector  etc.)  to  reduce  the  noise 
of  the  internal  sources  (turbo  component  and 
mixing  noise)  where  necessary.  They  can  not  be 
used  to  reduce  jet  noise,  as  jet  noise  is  genera¬ 
ted  outside  the  confines  of  the  engine. 

The  porous  plug  nozzle  features  a  porous  surface 
of  the  plug  which  will  suppress  the  shock  cell 
noise  of  underexpanding  convergent  nozzles 
(Ref.  4).  This  type  of  nozzle  is  only  applicable 
to  dry  engines,  as  for  reheat  engines  the  inte¬ 
gration  and  cooling  of  a  variable  area  plug 
nozzle  is  very  difficult. 

Shielding 

Mechanical  shielding  and  jet  shielding  are  based 
on  the  reflexion  and  deflection  of  the  noise 
waves  generated  by  the  exhaust  jet.  Mechanical 
shielding  increases  the  length  of  the  aircraft 
drastically  and  adversely  affects  the  handling  of 
the  aircraft. 

Jet  shielding  necessitates  additional  hot  gas  ge¬ 
nerators  and/or  additional  gas/fluid  on  board  and 
therefore  is  only  suited  for  short  time  opera¬ 
tion. 

An  embedded  engine  arrangement  or  the  installa¬ 
tion  of  the  engine  above  the  wing  can  only  be 
considered  for  new  aircraft. 

Anti  Sound  Method 

The  technology  for  anti  sound  generation  is  not 
yet  available.  Furthermore,  due  to  the  high 
energy  of  the  jet  noise  the  anti  sound  generators 
would  have  a  high  power  consumption. 

The  technology  of  interference  tubes  which  would 
be  located  below  the  jet  and  through  which  gas 
with  different  density  (e.  g.  helium  or  hydrogen) 
flows,  is  also  not  available.  As  these  tubes  are 
to  be  retracted  during  take-off  and  landing  no 
noise  attenuation  is  provided  at  these  flight 
conditions. 

Component  Optimiietion 

As  for  combat  aircraft  engines  turbo  component 
noise  is  much  lower  than  jet  noise,  noise  optimi¬ 
zation  of  the  components  (except  the  nozzle)  is 
not  a  prime  task.  With  respect  to  noise  an  under¬ 
expanding  convergent  nozzle  has  to  be  avoided  and 
fully  adoptive  convergent/divergent  nozzles  are 
to  be  preferred. 

4.2  Short  Term  Solution  for  Tornado 

In  section  4.1  it  was  shown  that  the  most  effec¬ 
tive  way  to  reduce  jet  noise  is  decreasing  ex¬ 
haust  jet  velocity  by  increasing  the  nozzle" mass 
flow  rate.  This  can  be  achieved  to  some  extent  by 
opening  the  exhaust  nozzle  at  dry  part  load 
operation  of  the  engine. 

fig.  5  shows  the  actual  R8199  nozzle  area  sche¬ 
dule  versus  power  lever  setting  and  the  modified 
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schedule  for  noise  optiaized  nozzle  control.  Ope¬ 
ning  the  nozzle  is  United  by  choked  flow  con¬ 
ditions  at  colander  exit  (afterburner  inlet).  In 
this  case  the  flow  in  the  bypass  duct  upstreaa  of 
the  colander  is  still  subsonic. 

Increasing  the  exhaust  nozzle  area  at  constant 
installed  cruise  thrust  reduces  jet  velocity  by 
the  increase  of  engine  air  mass  flow  and  the  re¬ 
duction  of  intake  spillage  and  afterbody  drag. 
Fig.  6  shows  the  impact  of  nozzle  area  on  speci¬ 
fic  fuel  consumption  of  the  Tornado  engine  at 
different  flight  Mach  numbers.  Oue  to  the  de¬ 
crease  of  intake  and  afterbody  drag  SFC  is  nearly 
constant  (solid  lines,  ''installed"). 


craft  can  be  returned  to  a  standard  Tornado  with 
reheat  engines  in  no  more  than  24  hours,  as  only 
an  engine  change  and  the  reinstallation  of  gun 
and  pylons  are  necessary. 

This  Tornado  training  version  is  designated  for 
low  level  flight  training  and  other  subsonic 
training  tasks  which  do  not  require  external 
stores  (or  only  minimum  stores)  and  reheat 
thrust. 

Within  the  ejector  the  exhaust  gas  of  the  engine 
is  mixed  with  secondary  air,  which  increases  the 
nozzle  mass  flow  by  100  -  200  %  and  effectively 
decreases  jet  velocity  and  noise. 


Fig.  S  Noise  Optimized  Exhaust  Nozzle  Control 


The  integration  of  an  ejector  into  the  afterbur¬ 
ner  of  the  R6199  was  rejected  due  to  the  fol¬ 
lowing  reasons: 

-  the  amount  of  secondary  air  which  can  be  ad¬ 
ded  to  the  exhaust  gas  of  the  engine  is  li¬ 
mited  by  the  size  of  the  afterburner  and 
the  nozzle 

-  the  development  of  a  complex  folding  mixer 
nozzle  within  the  afterburner  and  the  re¬ 
sulting  afterburner  modifications  need  se¬ 
veral  years  and  are  very  expensive 

-  secondary  air  doors  would  have  to  be  inte¬ 
grated  into  the  rear  fuselage 

-  the  increased  propulsion  system  weight  at 
the  rear  of  the  aircraft  needs  to  be  balan¬ 
ced  by  additional  mass  in  the  front  to 
avoid  a  shift  of  the  center  of  gravity. 
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fig.  6  Iinpact  of  Nozzle  Area  on  Specific  Fuel 
Consumption 

The  realization  of  the  noise  optimized  nozzle 
control  can  be  achieved  in  a  short  time,  as  only 
a  software  change  of  the  digital  engine  control 
unit,  which  is  in  service  since  some  years,  is 
necessary. 

The  attenuation  of  low  level  flight  noise  is 
shown  in  Fig.  74.  At  max.  dry  and  reheat  power  no 
noise  reduction  is  provided,  as  at  these  power 
settings  the  engine  has  to  be  controlled  to  the 
original  nozzle  schedule. 

4.3  Mid  Term  Solution  for  Tornado 


For  the  assessment  of  the  noise  attenuation  po¬ 
tential  and  the  impact  on  engine  mass  and  air¬ 
craft  performance  a  project  design  and  detailed 
performance  calculations  were  carried  out. 

To  avoid  unacceptable  thrust  losses  at  high  sub¬ 
sonic  flight  Mach  numbers  the  intake  of  the  ejec¬ 
tor  needs  to  be  designed  carefully.  Fig.  7  shows 
the  impact  of  the  intake  type  on  thrust  versus 
flight  Mach  number.  Without  taking  into  account 
the  reduction  of  afterbody  drag  due  to  the  in¬ 
creased  nozzle  area  of  the  ejector,  the  thrust 
continuously  decreases  with  flight  Mach  number 
(dashed  curve  "Flush,  uninstalled"). 
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Based  on  the  results  of  the  survey  of  technical 
measures  of  section  4.1  a  "clean"  Low  Noise  Irai- 
ning-Tornado  version  with  "dry"  engines  and  ex¬ 
haust  ejectors  installed  instead  of  the  afterbur¬ 
ner  and  the  variable  nozzle  is  proposed.  The  air- 


Fig.  7  Impact  of  Ejector  Inlet  Design  on 
Installed  Net  Thrust 

As  the  difference  in  thrust  at  Mach  0.3  (critical 
take-off  and  climb  phase  for  one  engine  failed) 
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1$  smII  the  pitot  Intake  was  chosen.  With  this 
intake  high  subsonic  flight  velocity  and  and  high 
Maneuver  performance  (clean  aircraft)  is 
provided. 

The  size  (type  II,  Aj/Ap  •  2)  of  the  ejector  was 
chosen  based  on  a  compromise  between  noise  at¬ 
tenuation  and  thrust  loss  (Fig.  8)  taking  into 
account  installation  constraints  due  to  the  loca¬ 
tion  of  the  taileron.  The  mass  flow  ratio  (m^/mp) 
of  this  ejector  is  1.1.  to  1.3  depending  on 
flight  Mach  number. 


Fig.  8  Impact  of  Ejector  Siaa  on  Installed  Net 
Thrust 


Fig.  9  Engine  Components  to  be  removed  for  the 
Ejector  Veision  (RBI99-Hkl03) 

To  change  the  RB199-MkI03  Tornado  engine  into  a 
non-afterburning  ejector  version  the  following 
work  is  necessary  (F ig.  9). 

-  removal  of  thrust  reverser,  exhaust  nozzle 
Hncl.  actuation  system)  and  afterburner 
(the  front  part  of  the  afterburner  casing 
remains  on  the  engine) 

-  installation  of  the  ejector  module  with  the 
fixed  lobe  type  mixing  nozzle 

-  replacement  of  the  OECU  or  software  change 
only 


-  replacement  of  the  Mkl03  fan  by  the  MklOS 
fan  to  increase  max.  dry  and  emergency 
thrust  (if  the  engine  is  changed  back  to 
the  standard  reheat  version  the  MklOS  fan 
remains  on  the  engine) 

As  no  modification  of  the  fuselage  is  necessary, 
the  ejector  engine  can  be  replaced  by  the  origi¬ 
nal  reheat  engine  by  a  simple  engine  change. 

The  OECU  of  the  ejector  engine  has  the  same  hard¬ 
ware  as  the  original  OECU,  only  the  software  is 
changed  to  enable  reheatless  operation  of  the 
engine  and  to  provide  the  proposed  engine  rera¬ 
ting  (take-off  rating  at  combat  SOT  and  emergency 
rating). 


Fig.  10  Reheatless  R8199  Engine  with  Ejector 

Nozzle  (Type  II,  A»/Ap  -  2,  Design  Point 
M  ■  0.8)  ^  ^ 

Fig.  10  shows  a  cross  section  of  the  rear  part  of 
the  RB199  engine  and  the  installed  ejector.  The 
lobe  nozzle  with  the  cone  extension  and  the  ejec¬ 
tor  casing  with  the  noise  absorbing  lining  are 
one  module.  The  length  of  the  ejector  is  such 
that  the  area  were  maximum  mixing  noise  occures 
is  within  the  ejector. 


Fig.  11  Low  Noise  Training-Tornado  with  Ejector 
Nozzle  (rear  A/C  section) 

The  mass  of  the  ejector  engine  is  190  kg  lower 
compared  with  the  original  reheat  engine  with 
thrust  reverser.  The  lower  engine  mass  at  the 
rear  of  the  aircraft  (380  kg  total)  allows  the 
removal  of  the  gun  In  the  front  section  and  hence 
an  additional  aircraft  weight  reduction. 

The  shape  of  the  ejector  is  designed  such  that 
its  fits  very  well  in  the  overall  design  of  th.< 
rear  Tornado  fuselage  (Fig.  II).  Although  the 
length  of  the  aircraft  is  increased  by  530  na 
(Fig.  10),  the  rotation  capability  of  the  air¬ 
craft  at  take-off  is  reduced  relative  to  the 
clean  Tornado  by  only  2  degrees. 

To  reduce  the  A/C  drag  and  weight  the  Low  Noise 
Training-Tornado  is  operated  without  external 
stores,  without  the  gun  and  with  the  pylons  remo¬ 
ved.  Compared  with  the  Reference  Tornado  defined 
below  the  A/C  weight  is  reduced  by  more  than  20%. 


Fig,  12  Tornado  Drag  Characteristics  at  Low  Level 
Flight 

The  analysis  of  the  Tornado  configurations  for 
loM  level  flight  training  of  the  GAF  shoMd  that 
no  standard  configuration  can  be  Identified.  As 
Illustrated  In  Fig  12,  the  variation  In  A/C  drag 
Is  such  that  the  definition  of  a  Reference  Tor¬ 
nado  configuration  ((2)  external  tanks,  (1)  ATN- 
9t,  50  %  ext.  fuel)  for  the  evaluation  of  A/C 
perfonaance  was  necessary.  Furthermore,  In 
fig.  12  the  drag  versus  flight  Mach  number  cha¬ 
racteristic  of  the  Low  Noise  Training-Tornado  Is 
shown  relative  to  the  Reference  Tornado  and  to  a 
heavy  load  configuration. 

S.  NOISE  ATTENUATION  AND  IMPACT  ON  FUQHT 
PERFORMANCE 

During  take-off  and  low  level  flight  of  combat 
aircraft  the  jet  noise  Is  the  predominant  noise 
source.  Engine  fan  and  turbine  noise  are  of  much 
lower  order.  Therfore,  only  the  jet  noise  at¬ 
tenuation  was  calculated. 

5.1  Jet  Noise  Calculation 

Jet  noise  calcualatlon  was  carried  out  according 
to  SAE  ARP  876  C.  In  fig.  13  the  measured  and 
calculated  flyover  noise  of  the  Tornado  at  low 
level  flight  condition  (75  n  altitude)  Is  com¬ 
pared  at  different  flight  Mach  numbers.  It  be¬ 
comes  evident  that  the  shock  cell  noise  calcula¬ 
ted  with  the  SAE  taethod  Is  too  high. 

Therefore,  all  noise  attenuation  results  In  this 
paper  are  based  on  the  calculation  of  jet  mixing 
noise  only  without  taking  Into  account  the  reduc¬ 
tion  of  shock  cell  noise.  In  consequence,  the 
real  noise  reduction  potential  of  the  proposed 
technical  measures  Is  higher  than  shown  In 
fig.  14. 

5.2  Low  Level  Flyover  Noise  Attenuation 

In  fig.  14  the  flyover  noise  attenuation  for  Tor¬ 
nado  Is  summarized.  At  Mach  0.7  the  removal  of 
external  stores  and  pylons  ('clean*  Tornado)  re¬ 
duces  the  noise  by  about  3  dB(A).  Opening  the  ex¬ 
haust  nozzle  provides  an  additional  attenuation 
of  5  dB(A).  The  flyover  noise  of  the  low  Noise 
Training-Tornado  Is  -  depending  on  the  ejector 


size  -  13  to  19  dB(A)  lower  as  compared  to  the 
Reference  Tornado.  The  chosen  ejector  type  II 
provides  17  dB(A)  noise  reduction.  Oue  to  the 
thrust  loss  caused  by  the  ejector  the  noise  re¬ 
duction  potential  decreases  with  Increasing 
flight  Mach  number. 


Fig.  13  Comparison  of  Calculated  and  Measured 
Tornado  Flyover  Noise  at  75  m 


Fig.  14  Impact  of  Tornado  Noise  Reduction 
Measures  on  Flyover  Noise  at  75  m 
Flight  Altitude 


5.3  Take-off  and  Climb  Noise  Reduction 

fig.  15  shows  the  noise  distribution  on  the 
ground  for  the  Low  Noise  Training-Tornado  at 
take-off  power  compared  with  the  Reference  Tor¬ 
nado  (dashed  curve)  at  max.  reheat  power.  The 
difference  In  noise  depends  on  the  direction  and 
distance  of  the  observer.  At  130  degree  and  a 
distance  of  about  800  m,  for  Instance,  the  noise 
reduction  Is  30  dB(A). 

Although  ths  rate  of  climb  of  the  Low  Noise  Trai¬ 
ning-Tornado  Is  lower  compared  with  the  Refernce 
Tornado,  the  area  with  a  noise  level  of  greater 
90  dB(A)  during  take-off  and  Initial  climb  Is 
much  smaller  than  the  equivalent  area  of  the  Re¬ 
ference  Tornado  (fig.  16).  Hence,  annoyance  to 
the  population  living  near  the  military  air  field 
it  drastically  reduced. 
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Fig.  15  Noise  Contours  of  the  Lon  Noise  Training- 
Tornado  Nith  Ejector  and  of  the  Reference 
Aircraft 


Fig.  16  90  dB(A)  Noise  Contours  of  Reference  and 
Lon  Noise  Training-Tornado  during  Take¬ 
off  and  Initial  Cliadi 

5.4  lapeet  on  Flight  Rorferatnco 

As  the  reheat  syste*  of  the  RB199  engine  is  re- 
anved  to  instaii  the  exhaust  ejector  the  thrust 
rating  of  the  engine  needs  to  be  revised  for  the 
Lon  Noise  Training-Tornado  in  order  to  ainiaize 
flight  perforaance  losses. 

Instead  of  ■max.  reheat"  a  dry  "take-off*  rating 
at  coabat  SOT  and  instead  of  ‘coabat*  a  dry 
"eaergency*  rating  are  proposed.  The  "emergency- 
rating  is  a  short  time  rating  to  be  used  if  one 
engine  fails  during  take-off  and  initial  climb. 
Tno  emergency  ratings  nith  an  increase  in  SOT  by 
SO  N  a.id  100  K  have  been  considered. 

Fig.  17  shONS  that  even  tor  an  altitude  of  2000ft 
and  hot  day  conditions  (ISA  ♦  15  K)  the  reduced 
eaergency  rating  provides  a  single  engine  clioio 
performance  of  the  A/C  which  is  greater  than  the 
ainiaua  required.  The  lower  weight  of  the  Trai¬ 
ning-Tornado  allows  a  maneuver  flap  setting  -  In¬ 
stead  of  the  standard  mid  flap  setting  -  which 
iaproves  the  climb  performance  but  adversely  af¬ 
fects  the  take-off  distance.  Nevertheless,  even 
at  2000  ft/ISA  ♦  15  K  the  take-ofi  distance  of 
the  Training-Tornado  with  maneuver  flaps  setting 
is  about  20  \  shorter  than  the  shortest  runway  of 
the  relevant  military  air  fields  in  Germany. 

Although  the  Training-Tornado  has  no  external 
tanks  the  low  level  flight  time  is  only  reduced 
by  about  22  %  compared  with  the  Reference  Tornado 
which  is  equipped  with  two  external  tanks. 

For  low  level  flight  training  the  maneuverabi¬ 
lity,  which  can  be  described  by  the  sustained 
turn  rates,  is  of  outstanding  importance.  Al¬ 
though  the  max.  thrust  of  the  dry  ejector  engine 
of  the  Tornado  training  version  is  much  lower 
than  the  max.  reheat  thrust  of  the  Reference  Tor¬ 
nado  the  sustained  turn  rates  of  both  aircraft 
are  quite  similar  (Fig.  18).  This  is  due  to  the 
lower  weight  and  lower  drag  (no  external  stores) 
of  the  Low  Noise  Training-Tornado. 


Fig.  17  Single  Engine  Climb  Performance  of  Lon 
Noise  Training-Tornado  with  Ejector 


Fig.  18  Flight  Performance  of  Reference  and 
Training-Tornado  (ISA,  sea  level) 

The  acceleration  capability  of  the  Tornado  trai¬ 
ning  version  it  only  about  50  %  of  the  Reference 
Tornado  as  shown  in  Fig.  18  in  terms  of  specific 
excess  power.  This  is  considered  to  be  accep¬ 
table,  at  for  low  level  flight  training  specific 
excess  power  it  of  lower  importance  than  sustai¬ 
ned  turn  rates. 

CONCLUSION 

Based  on  a  survey  of  technical  measures  to  reduce 
the  noise  of  combat  aircraft  two  solutions  are 
proposed  for  Tornado 

•  as  a  short  term  solution  the  noise  optimized 
nozzle  control  and 

-  as  a  mid  term  solution  a  Low  Noise  Trai¬ 
ning-Tornado  with  dry  engines  and  ejector 
nozzles  which  can  be  returned  to  a  stan¬ 
dard  Tornado  within  24  hours. 

Detailed  analysis  showed  that  the  Low  Noise  Trai- 
nino-Tornado  with  nonafterburning  ejector  engines 
fulfills  the  single  engine  rate  of  climb  require¬ 
ment  and  provides  sufficient  maneuver  capability. 
If  the  gust  sensitivity  of  the  low  weight  Trai¬ 
ning-Tornado  is  too  different  compared  with  the 
original  Tornado  In  a  typical  low  level  flight 
configuration  with  external  stores,  wing  sweep 
can  be  increased  (lower  lift  slope)  to  compensate 
this  effect. 

An  ejector  developed  for  the  Tornado  can  be 
modified  such  that  it  can  also  be  installed  on 
the  future  EFA  aircraft  if  the  need  would  arise. 
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Discussion 


QUESTION  BY:  AVM  G.  Ullllams,  AGARO  AAS-34 

1.  ConmmnC  on  operaclonml  measures:  Flying  higher  and  slower 
will  greatly  reduce  the  training  value  of  missions. 

2.  Having  two  different  engine  types  for  one  aircraft  type 
will  lead  to  considerable  extra  operational  and  logistic 
costs.  Also,  development  costs  would  be  very  high  so  the 
practicality  of  this  development  Is  questionable. 

3.  Your  method  r^adresses  jet  related  noise  effects;  could 
you  Indicate  how  your  results  would  be  modified  in  the 
light  of  the  UK  findings  on  the  Importance  of  airframe 
noise  (paper  22)? 

AUTHOR'S  RESPONSE: 

1.  As  most  operational  measures  adversely  affect  the 
training  value,  this  paper  primarily  deals  with  technical 
measures  which  will  allow  noise  attenuation  without 
reducing  the  training  level. 

2.  The  engine  for  the  Low  Noise  Training  Tornado  is  a 
standard  RB199  engine.  Only  Che  rear  part  of  the  engine 
Is  modified.  Instead  of  the  afterburner  and  Che  variable 
exhaust  nozzle  the  ejector  nozzle  Is  Installed  such  that 
Che  engine  can  be  changed  back  to  a  standard  RB199  within 
a  few  hours.  Hence,  the  additional  operational  and 
logistic  costs  can  be  expected  to  be  not  very  high.  The 
development  costs  have  to  be  related  to  the  level  of 
noise  reduction.  Ulchouc  costs  no  noise  attenuation  by 
technical  measures  can  be  achieved. 

3.  The  proposed  Low  Noise  Training  Tornado  Incorporates  both 
aspects.  The  airframe  noise  will  be  attenuated  by  the 
release  of  the  external  scores  and  of  the  pylons 
(reduction  of  aircraft  weight  and  drag).  The  jet  noise 
will  be  reduced  due  to  the  lower  required  thrust  and  due 
to  Che  ejector  nozzle.  Unfortunately  the  UK  measurements 
do  not  cover  a  noise  breakdown  for  the  clean  aircraft. 
It's  agreed  that  the  Cdchnlcal  measures  for  Jet  noise 
reduction  have  to  he  evaluated  with  respect  to  their 
contribution  to  the  overall  noise  attenuation  of  the 
aircraft.  Nevertheless,  whatever  the  findings  on  the 
Importance  of  airframe  noise  for  a  clean  aircraft  will 
be,  Che  ejector  nozzle  will  considerably  reduce  the  noise 
in  Che  max.  power  mission  phases  like  takeoff,  climb, 
acceleration  and  low  level  flight  manoeuvres. 
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For  uaa  in  oonbat  aircraft  noiaa  ocntrol,  ii|pcr- 
tant  taaulta  of  axtanalva  studlu  on  jat  noiM  ca- 
duction  ara  pnaantad.  Dm  atudiae  oo'Mrad  Icv- 
r»iaa  nozzla  daaigna  aucti  aa  Xlnaar  arraya  of  cir¬ 
cular  nozzlea,  in^rtad  profila  jeta  aa  wall  aa 
aijacial  ahapa  alxing  nozzlaa  and  fxvixial  bypaaa 
flow  oanflgucatlona.  In  addition  intaraatinj  ra- 
aulta  of  ayataBBtic  reaaarcti  on  ajMclal  acouatic 
abaoctera  for  propulalcn  ayataa  intamal  noiaa  ra- 
ductiofi  and  of  initial  thacratical  and  exnariaan- 
tal  atudiaa  on  pcaaiaing  ajactor  flow  ayataaa  ara 
rapertad.  Dm  multa  of  Um  diffamnt  invaatlga- 
ticTM  ara  in  datail  axplainad  and  diacuaaad. 
FVirthamara,  practical  appllcaticna,  including  ax- 
a^ilaa  of  parfomad  and  poaalbla  futura  Intagra- 
tlona  of  tha  oonaldarad  noiaa  oontrol  Daaauraa 
into  aircraft,  ara  preaantad.  It  ia  notad  that  tha 
isplanantatlcn  of  theaa  nathoda  oould  ai^Ufi- 
cantly  raduoa  oonbat  aircraft  angina  noiaa.  For 
aubatantial  noiaa  raductiona,  of  tha  ordar  of 
20  dB  car  Bora  aa  obtalnad  fear  civil  jat  tranapesrt 
aircraft,  tha  intagration  of  advanoad  ajactor  flcar 
ayatana  ia  ai.ii7TaBtad  vhich  ara  capabla  of  affao- 
tivaly  lowarlng  tha  jat  axhauat  apaart  aa  raquirad 
and  with  thia  atrcmgly  raduca  tha  jet  miaa  gaiMr- 
ation.  It  la  ocmcludad  that  extanaiva  infennatian 
and  an  advaraad  technology  baala  fer  jet  angina 
noiaa  raduction  exist.  Applying  this,  by  given 
the  fMartal  noiaa  oontrol  acjual  ispcrrtarvM  and  pri¬ 
ority  as  other  critical  aircraft  aapacts,  nay 
strorqly  help  resolving  tha  ralatad  noiaa  pr^leai. 


1.  nremmew 

Dm  fly-ovar  noiaa  of  hl^  perfonanoa  esabat  air- 
caraft  (fi<;^itara/boBtara)  is  axtraaaly  tntanaa,  as- 
pacially  at  low  altitude  flli^fits.  Far  oartain  air¬ 
craft  and  fll^  hai<;fits  of  about  7S  a  to  300  n, 
tha  noiaa  lavals  on  tha  groerd  nay  aaacaaa  peak 
values  of  about  120  ca(A)  to  110  dB(A) .  Althoui;*) 
czadMt-raadinaaa  flying  at  such  altltudaa  ia  fra- 
(]uantly  rwarlad  to  naintaln  raquirad  dafanaa 
strength,  this  Intanaa  noiaa  iipact  has  rauaart  in¬ 
creasingly  adveraa  public  reactions  in  tha  acre 
cWiMsly  populatarl  cxxsrtrias  of  Wastam  Buropa, 
partlcxilarly  in  Gamany  over  recant  years.  With 
this  a  difficult  noiaa  problai  exist  for  which 
technical  and/cr  cperational  aoluticma  need  to  be 
urgantly  davalopad  aid/or  introduoad. 

Dm  intanaa  noiaa  of  thaaa  aircraft  ia  ganaratad 
prinarily  by  thair  powerful  propulsion  oyrtsms  and 
in  Boat  caaaa  ia  fully  daainatad  bf  the  strong  low 
fraquancy  jat  exhaust  noiaa  of  thaaa  systana.  Dm 
jat  noiaa  ia  exaatad  by  tha  intanaa  turfaulant  atix- 
ing  of  tha  hic^  valcxity  aidMiMt  gaaaa  with  tha 
anbiant  air.  Dws,  this  noian  ia  ganaratad  outside 
and  downatraaai  of  the  jat  angina  and  with  this  is 
tha  nost  difficult  noiaa  to  cxaitrol.  For  exaapla, 
it  ia  not  ananabla  to  sound  abeexptiem  naaaurcs  in 
tha  angina  or  nacMlle  as  ia  cganerally  tha  cMse  for 
angina  f.m  and  oenhustion  noiaa.  In  order  to  ra- 


duca  exMbat  aircraft  jet  noiaa,  therafora,  signi¬ 
ficant  effort  is  nnerlart  and  all  passible  nethods 
hava  to  ba  acnalderad  fer  affactlva  noiaa  cxmtrol 
Including  new  nora  noiaa  ocntzolling  intagrationa 
of  tha  anginas  into  tha  ovarall  airoaft  daaign 
fer  future  aircraft  oenfigurationa. 

For  tha  first  generation  of  civil  jet  tranapeet 
aircraft,  introduced  in  tha  1950'b,  also  jat  noise 
was  tha  noat  doadnant  aircraft  noiM  aourcs  and 
nnarlari  to  ba  strongly  raduoad,  for  lowaring  noise 
amoyanoa  and  achieving  public  acxsptanoe  of  this 
naw  higher  perfomanoa  aircxzdt  type.  Sinca  thia 
tins,  axtanaiva  aigiariaental  and  theocstlcal  ra- 
aaarch  on  jat  noiM  raducticn  and  on  the  aigppres- 
sion  of  other  angina  noiM  cxnponants  such  aa  fan 
and  exMbustion  noiM  have  bean  parfomad.  For  jat 
noiM  tha  Boat  affective  noiM  raduction  naaaure 
wM  foand  to  ba  tha  raduction  of  tha  jet  aodMust 
apaad  m  the  aoml  pewar  of  frM  asdMUsting  jets 
is  acxxxdlng  to  LichthiU's  wall  known  law  (l] 
proportional  to  the  ai<#tth  powar  of  thia  apaad.  In 
addition,  axtanaiva  reaulta  of  a  large  nuabar  of 
nixing  nozzlM,  ajactor  ayatana  and  various  other 
davioM  for  jet  noiM  raduction  hava  bean  astab- 
llahad  and  cxxild  now  also  be  uaad  for  ralatad 
nolM  cxaitrol,  if  feMible  and  required. 

Dm  noiM  problM  of  civil  jet  ti'anapcrt  aircraft 
WM  to  a  large  extant  raaolvad  ty  applying  tha  af- 
factlvs  principle  of  reducing  tha  jat  eMiaunt  ve¬ 
locity.  Dm  raduoad  valocitiM  reaultad  frcM  the 
developaant  and  application  of  inanaMingly  hiqfi 
bypaM  ratio  anglnM  having  now  typaM  ratlcs  igi 
to  about  1:7.  In  cxrijucticn  with  careful  fan  de- 
al9i  and  the  inatallation  of  noiM  abaorbing  li- 
nara  in  tha  angina  inlet  and  asdiauat  aacticn,  tig- 
nlflcant  nolM  raductiera  followad  reaching  valuM 
of  M  hii#i  as  approKiMtaly  20  cB. 

Itr  futura  hl^  parfemanoa  cxnhat  aircraft,  alao 
a  lowering  of  the  jat  aohaust  velocity  aaaaM  to  ba 
raquirad,  if  aubatantial  noiM  raductiona,  ainilar 
to  thoM  of  civil  tranapert  aircraft,  ahould  ba 
obtainad.  For  this  typ  of  aircraft,  however,  tha 
applicMticn  of  anginaa  with  ralatlvely  hl^  by¬ 
paM  ratios  appears  to  be  not  feasibla  as  they  ara 
ralatad,  for  exaapla,  with  larger  angina  dina^ 
Siena  and  hl^fMr  weight  and  drag,  %4iich  cxxrld  alg- 
niflcantly  raduca  tll^  parfemanoa.  As  an  altar- 
native,  tha  devalopnent  and  um  of  variable  cycle 
anglras  and/or  the  appllcatlcxi  of  ajactor  flew 
systoH  offering  alao  a  high  potential  of  jat  ax¬ 
hauat  velcxiity  raductlexM  and  thus  of  jat  moIm 
raduction  nay  ba  cxmlderad.  Vtiila  variable  cycle 
anglnM  oould  ba  ralatad  with  additional  rather 
extansive  developaant  cxxrta,  ajactot  flow  aystaaa 
nay  be  fully  Intagratad  into  futura  aircraft  da- 
alipM  and  oould  ba  based  on  existing  angina  cxxi- 
fi^jratlcns. 

Dm  principle  of  ejacter  aystana  hasM  on  aacxndi- 
ry  air  Miich  la  antrainal  Into  tha  ajactor  charvMl 
and  BdxM  there  with  tha  jat  angina  prlnary  flow. 
Due,  tha  ajacter  ganerataa  a  jat  of  largar  croM- 


straight  lina. 


sectional  area  but  with  substantially  raducsd  ex¬ 
haust  velocities  and,  what  is  nora  inpartant,  with 
significantly  reduced  jet  noise  levels.  For  higher 
altitude  and  supersonic  flights  as  wall  as  oonbat 
missions  the  ejector  geometry  could  be  varied  in 
such  a  way  that  unacceptable  performance  losses 
for  these  operation  conditions  might  be  avoided. 

In  oonjuction  with  optimized  special  mixing  noz¬ 
zles,  effective  noise  absorbing  liners  attached  to 
the  inner  ejector  surfaces  and  possible  other 
noise  control  measures  such  as  shielding  surfaces, 
the  required  ejector  length  nay  be  kept  suffi¬ 
ciently  short  and  rather  high  noise  reduction 
values  ccnparable  to  those  achieved  for  civil 
transport  aircraft  could  be  obtained. 

If  a  lowering  of  the  noisa-irportant  jet  exhaust 
velocity  and  a  mors  noise  controlling  aircraft 
propulsion  system  integration  for  future  aircraft 
is  not  possible,  only  a  moderate  jet  noise  reduc¬ 
tion  nay  be  expected  based  on  technical  measures 
and  current  technology.  However,  also  such  noise 
reductions  might  be  of  Interest  as  in  conjunction 
with  effective  operational  neasurse  an  interes¬ 
tingly  high  overall  noise  relief  for  the  public 
may  result.  In  this  case  alao  ejector  systma,  but 
more  designed  as  add-on  oonfiguratiun,  special 
mixing  nozzles  and  optimized  jet  exhaust  velocitv 
profiles  as  well  as  jet  noise  ehleldlng  and  noiae 
absorption  measures  and  ccnbination  of  theas  me¬ 
thods  could  bs  oonsiderad  and  produos  nolss  re¬ 
ductions  of  say  appraximatsly  6  to  10  dB.  To  a 
osrtain  extent,  these  tohniques  could  also  bs 
realized  as  add-on  devices  to  existing  oombat  air¬ 
craft  and  for  this  application  may  establish  noise 
reductions  of  similar  levels  as  mentioned  before. 
With  such  add-on  devices  end  effective  operational 
measures,  theisfors,  alao  an  intarestbg  noise 
oontrol  on  a  short  term  basis  oouLd  be  achieved. 

For  possible  guidanoa  of  the  required  ocmfaat  air¬ 
craft  nolss  oontrol  and  for  supporting  neadad  near 
to  long  tarn  decisions  on  this  subject,  at  present 
a  review  and  discussion  of  interesting  results  on 
jet  noise  reduction  measures  vhich  may  be  realized 
in  practical  applications  seems  to  bs  of  great  im- 
poctanoa.  In  the  present  paper,  therefore,  relatad 
aalectad  reevUts  on  this  topic  are  praaantad.  Ihs 
results  refer  to  the  noise  oontrol  methods  man- 
tionad  bafora  and  ooncmm  the  following  sub- 
topics 

*  noise  characteristics  of  linear 
arrays  of  mixing  circular  jets 

*  flow  and  noise  data  of  inverted 
profile  jets 

*  aalactad  results  of  special  shape 
mixing  nozzles  and  cxiexlal  typaM  jets 

*  data  on  special  aooustic  absorbers 
for  angins  and  ejector  acoustic  liners 

*  initial  theoretical  and  sxparinsntal 
results  CXI  ajactor  flow  systems 

Iha  prasantad  results  have  bean  partially  pub¬ 
lished  already  previously.  If  mors  detailed  In- 
fomstlon  Is  retired,  rsfarenoa  can  bs  mads  to 
theas  publications  and/or  repcjrts  noted  In  the 
following  sections  aid  listed  at  the  and  of  this 
paper. 

2.  NOISE  awwCTfuisnts  or  ijhcth  arwys  or 

MIXDC  CIBCUUW  JtTS 

In  this  section  interesting  results  on  the  nolss 
radiation  and  related  Jet  Interference  effects  are 
presented,  for  linear  nozzle  arrays  ocxwlstlng  of 
saveral  circular  nozzles  squally  spaced  along  a 


Previous  expericental  studies  have  indicated  that 
free  jets  may  cxnstitute  an  effective  acxxistic 
shield  for  jet  noise  radiation  (2,  3)  and  that  the 
mixing  of  cdjacent  jets  cxuld  produioe  an  interes¬ 
ting  jet  scxmd  power  raduction  [4],  Thereforo,  in 
the  plane  throu^  the  nozzle  axes  of  tlie  cxnsider- 
ed  nozzle  a'.rays,  a  high  degree  of  noise  shielding 
and  also  e  reduced  overall  sound  power  of  these 
nozzles  may  be  expected,  giving  then  an  interes¬ 
ting  noise  reduction  potential.  In  addition,  these 
nozzle  designs  seen  to  be  well  suited  for  irplenen- 
tation  into  even  more  effective  noise  reduction 
ejector  systems,  so  that  their  basic  noise  chzurao- 
teristics  need  to  be  known  also  for  such  appllc:a- 
tions. 

Iha  shielding  of  the  csonsidered  nozzle  arrays  may 
be  expected  to  be  a  result  of  reflections  of  zxund 
waves  by  the  adjacent  jet  streams.  In  addition,  as 
illustrated  in  Figure  1,  the  shielding  csuld  be 
related  with  a  possible  cxherent  or  partially  oo- 
herant  noise  radiation  of  the  elemental  jets,  re¬ 
sulting  frcn  regular  interactions  of  possible 
large  scale  turbulence  structures  in  the  jet  flow 
field.  Iha  sound  po-ar  reduction  of  mixing  adjacent 
jets  may  be  asstmd  as  previously  done  [4]  to  be 
due  to  reckxzed  txirbulerca  intensities  in  their  cxm- 
mcn  mixing  regions,  but  could  also  be  effected  by 
possible  cxherent  or  partially  ooherent  noise  ra¬ 
diation  of  the  separate  but  mixing  jet  streams. 


Fi^^ire  1:  Dlrectlonsl  sound  fisld  of  tlx  llnsarly 
arranged  ooherent  noise  aourcaa  (after 
Raf.  (5)) 

In  th*  following,  results  of  free  finld  directivity 
maasuronents  and  sound  pcjwer  nnasuranents  art  re- 
portsd  dsscribing  the  sound  field  of  the  coraiderod 
nozzle  configuration  for  two  to  five  parallel  jets 
with  different  nozzle  oenter  spacing.  In  addition, 
acme  results  of  hot  film  measurements  and  spark 
ihadcsagraphs  are  discussed,  which  were  taken  to 
investigate  flcv  charactarlatics  asscxziated  with 
the  noise  radiation.  Additional  result  and  infor¬ 
mation  are  given  in  Referenoea  (6,  7), 


2.1.1  Mu Itlnozzla  model  design 

Ihs  nodal  nozzle  used  for  testing  the  linear  nozzle 
arrays  is  shown  in  Figure  2.  Iha  nozzle  design  en¬ 
abled  an  easy  change  of  the  nozzle  ruiiber,  N,  and 
the  spacing  ratio,  SR  -  S/D  (S  •  dlstanos  between 
center  of  nozzles,  D  >  nozzla  dlamatar).  Iha  nozzla 
runbar  could  bs  varied  frcn  N  >  1  to  S  and  the  spa- 


C  >  10  log  (H) 


:x-i 


Figura  2:  Hiltlnozzla  modal  dealgn 


cing  ratio,  for  exaipla,  fm  SR  •  1.25  to  9.0 
for  N  -  2.  Tha  axhaijat  diamatar  of  the  individual 
noezlaa  vas  oonatant,  0  •  2.12  ca. 

Ttw  tasting  of  the  nozzle  arrays  %ns  parfcrnsd  with 
cold  air  and  an  exhaust  Madi  runter  ~  0.9,  e,;- 
oq3t  for  tha  hot  film  measuraeanta,  vMdt  wars  oon- 
ductad  for  %  -  0.7. 

2.1.2  Bgaarimental  techniques 

Acoustic  test.  Ihe  free  field  directivity  measuro- 
menta  were  performad  using  a  free  field  test  faci¬ 
lity  with  tha  stilling  chamber  of  tha  test  stand 
inclinsd  at  an  angla  of  35*.  Tha  nozzle  exit  ms 
located  about  4.5  a  above  ground.  Ihirea  nicmphana 
sweep  aims  oould  be  used  for  perfaradng  aimiltane- 
oua  iwsssitrwiwnrs  within  tha  nozzle  prinicpla  planes 
xy,  XZ  and  yz.  Ftr  testing,  sptMricel  oaordinates, 

Q  ,  f  ,  and  R,  were  intzoduoed  baaed  on  tha  faci¬ 
lity  ODardlnata  systea  as  explained  in  Finite  3. 

Itie  satrix  of  Figure  3  sumnarlzas  the  loc^ons  at 
which  measurements  were  parfcrmad.  Tha  sound  pcMer 
asaauramanta  were  oonductad  in  a  reverbaration 
rocai  with  a  voluna  V  •  10.3  r  and  a  lowar  cutoff 
fraquancy  of  appmximataly  0.6  kHz.  Tha  reverbera¬ 
tion  time,  T^,  ranged  ftta  '..1  aec  at  0.5  kHz  to 
about  0.4  asc  at  tha  hi^  and  of  tha  audible  spac- 
trvBi. 


The  acoustic  results  are  oospared  in  tha  following 
with  oorrasponding  results  of  a  single  nozzle  of 
tha  nozzle  arrays  adjusted  by  adding  tha  constant 


[dBI 

to  these  data.  The  adjustad  results  can  be  inter- 
pretad  as  results  of  H  equal  jets  operating  inde¬ 
pendently  and  2un  used  to  identify  the  effect  of 
the  jet  interference  on  the  radiated  sound  field. 

The  adjusted  data  are  dsnoted  "single  nozzle  t  C  dB" 
Mare  C  -  3,  4.8,  6  and  7  for  N  ~  2,  3,  4  and  5, 
respectively. 

Flow  measmements.  Tha  hot  film  naasurenanta  Inclu- 
dad  turbulence  intensity  and  mean  velocity  traver¬ 
ses  in  tha  plana  through  tha  jet  axes  at  tha  down- 
stream  locations  X/D  -  3,  5,  8  and  12.  For  tha 
shadowgraphs,  tha  photographic  film  plats  tns  lo¬ 
cated  parallel  to  the  plane  given  by  tha  jet  axes 
so  that  the  fvaarn  mixing  zone  oould  be  photogra¬ 
phed. 


2.2  Bamults  and  Diaounninn 

2.2.1  Dlrsctivitv  measureamnts 

Effect  of  «Bdaslon  angle  Q  .  Initial  tests  wars 
perfcnned  to  study  tha  effect  of  jet  interference 
or  noise  shielding  in  sidsllns  directicn,  •  0, 
as  function  of  tha  angla  9 .  A  typical  result  for 
tha  2-nQZZla  array  is  shewn  in  Figure  4.  Oziyarirq 
these  results  with  tha  data  given  fca:  tha  single 


Figure  4;  Directivity  of  2-nozzla  array  with 
SR  •  1.5  for  p  -  0 
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nozzle  43  dB  it  appaara  that  the  jet  noisa  shiel¬ 
ding  or  any  other  jet  intarferanca  effect  is  res- 
trlctad  to  angles  &  <  60*.  For  this  range  the  tes¬ 
ted  two  adjaoant  jete  result  in  a  reduction  of  tha 
radiated  noise  with  a  aBxiaai  reduction  of  about 
2  d8  around  tha  peak  of  the  directivity. 

Effect  of  apaclng  ratio  SR.  The  lajority  of  tha 
testa  were  fnrrti,»rtad  at  tha  constant  angles 

22.5*,  45*  and  90*  for  varying  angles  f.  The 
2-nozzle  array  was  tested  in  this  marrar  for  spa¬ 
cing  ratios  SR  -  1.25  to  3  to  obtain  soaai  rellabla 
Infonation  on  the  affect  of  tha  adjaoant  jets  on 
tha  sound  field  directivity.  Tha  results  of  these 
teste  are  shown  In  Figure  5  in  coapariacn  with  da¬ 
ta  froa  a  single  nozzle  43  dB  tasted  several  tinea 
during  tha  earns  a;q3srinanta.  Tha  basic  features  of 
thaaa  results  may  be  sueerized  as  follows 

*  tha  jets  radlata  a  rotatlcnally  aaynraatric 
sound  field  with  lass  intanaa  noise  lavala  in 
sidsllns  direction,  but  not  for  all  9  and  SR 


Figure  3:  coordinatas  and  test  locaticrs  of  free 
field  maasurenants 


*  for  both  9  ■  22.5*  ard  45*  thw  asynaetry  of 
tha  Boaid  field  Is  strongly  proncunsd,  In- 
czeaaas  with  iixzeaaing  SR  and  includaa  for 


apiztodaataly  constant  and  aiallar  aa  for 
intanaa  than  that  of  independvit  jeta. 
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Fl9UE«  S:  Directivity  of  2-nozzle  array  as 
function  of  spacing  ratio,  SR 


lar^ar  SR  also  noise  anplificationa  ooDpared 
to  indepandent  jeto 


Effect  of  nozzle  number  N.  Ihis  affect  ms  studied 
ty  keeping  the  spacing  ratio  SR  approximately  con¬ 
stant  and  varying  the  nozzle  number  N  betuuen 
N  -  1  and  5.  For  N  2,  3  and  4  the  spacing  ratio 
was  SR  •  2,  and  for  N  <•  5,  SR  >  2.25.  Selected  re¬ 
sults  of  thaae  aBasuraoents  are  sunmarized  in  Fi¬ 
gure  6.  Ihe  results  in  this  figure  have  bean  ad¬ 
justed  by  the  ocxtatant  -C  -  -10  log  (N) ,  so  that  a 
innwriscii  with  N  independent  jets  is  possible. 

It  folloM  free  these  results  that  for  &  “  22.5* 
and  45*  increasing  the  nozzle  number  significantly 
deczeases  the  sideline  noise  radiated  at  small 
angles  f  but  that  this  does  practically  not  change 
the  noiM  radiated  at  these  angles  0  at  large  ang¬ 
les  f  ooapared  with  independent  jets.  Torff^  90* 
the  measured  radiated  sound  fields  shown  in  Figure 
6  are  nearly  equal  to  those  of  independent  or  in- 
exharent  jeta  similar  as  observed  before. 

Dm  sidalins  noise  reduction  reflechad  by  Figure  6 
rtsrrwises  nearly  linearly  with  the  nozzle  naiber 
N.  For  both  0  “  22.5*  and  45*  this  reduction  is 
about  1.5  dB  fear  N  -  2,  and  aftfamms  a  value  of 
abcait  4  dB  fear  N  -  5.  Based  on  the  prsvicus  re¬ 
sults  it  may  be  expected  that  similar  reductions 
noruT  for  spacing  ratic»  SR  >  2. 


e.22.5* 


•  in  contrast,  for  &  >  90*,  the  sound  field  is 
nearly  equal  to  that  of  two  independent  jets 
and  has  a  circular  directivity  for  moet  SR 

•  for  spacing  reties  SR  -  1.25  to  2.0  the  direc¬ 
tivity  is  in  general  nearly  circular  but  for 
0“  22.5‘’and  partially  45*  less  noise  is 
radiated  cxxepued  with  independent  jets 

•  for  large  spacing  raticai,  SR  >  4,  and 

22.5*  and  45*  the  peak  of  the  directivity 
with  noise  levels  iarg^  than  those  of  inde¬ 
pendent  jeta  rotates  from  90*  to  90*. 

Dve  sideline  noise  reduction  of  Figure  5  for  angles 
fvOani  0  ~  22.5*  and  45*  is  about  1.5  dB  for 
all  spacing  ratios  SR  >  2,  indicating  that  only  a 
portion  of  the  noise  of  the  adjacent  jets  is  shiel- 
eJed.  For  amll  spacing  ratios  the  shielding  effec:t 
slightly  decreases  which  may  be  a  result  of  the 
mixing  of  the  jets.  At  0  ^  22.5*  the  measured  side¬ 
line  noise  reduction  is  relatively  unifexm  and  cx^ 
caars  between  ^-0  and  30*.  At  0  -  45*  the  range 
of  f  aseociated  with  this  reduction  tends  to  de¬ 
crease  with  increasing  SR,  which  is  related  with 
the  rather  evident  rotation  of  the  peak  of  the  di¬ 
rectivity  fear  this  emissicxi  angle.  Another  interes¬ 
ting  feature  of  Figure  5  is  that  the  noise  radia¬ 
ted  at0«  22.5*  and  90*  depends  strongly  on  .R 
in  the  range  2  <  £R  <  4.  For  SI  <  2  this  noise  is 


Anete  4* 


Figure  6:  Direcdiivity  of  nozzle  arrays  as  function 
of  ncrzzle  number,  N 
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1/3  octaim  SPL-gpactra.  Ttia  aalactad  1/3  octav* 
tputra  in  Figura  7  Inllcata  that  tha  aidolina 
noia*  zaductlon  is  axcluslvaly  dua  to  a  radjctlcn 
In  tha  high  fraquancy  ranqa  of  tha  nolaa  apectxa. 

For  23.5*,  this  ranqa  includaa  fraquancias  a- 
bbwa  3.5  kHz  oarraspending  to  Mvalangtha  A/D  <  6.5, 
and  for  0  •  45*,  fraquancias  abova  5  kHz  oorreapen- 
dlng  to  A/0  <  3.2.  Tha  raductlona  in  theaa  fre- 
quancy  ranges  are  nearly  oonstant  and  of  tha  order 
of  3.5  to  6  dB,  depanding  on  tha  nozzla  nuibar  N. 
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Figura  I:  Sound  power  reduction  of  linear  nozzla 

amys 


Figure  9:  Sound  pouar  spactm  of  4-noazla  array 


1  and  10  XHZ.  Tha  wixtiam  reduction  t2dcBS  plaoa 
around  tha  paak  of  tha  noisa  apectrua  located  for 
all  noezlaa  at  about  2.5  kHz. 


Pi^na  7:  Sidalina  noisa  spectra  of  linaar  nozzle 
arrays 


2.2.3  Sound  power  BeasuTBaanta 

Tha  raaults  of  tha  sound  power  aaaaurananta  are 
sianarlzed  in  Figura  8  showing  tha  sound  power  re¬ 
duction  A  SW^  of  the  different  nozzla  arzaya  ooa- 
parad  with  independent  jets  as  a  function  of  the 
spacing  ratio  at. 

His  data  of  Figure  8  suggest  that  tha  sound  power 
of  tha  adjacent  jets  approaches  tha  values  of  in- 
dapandent  jets  around  SR  -  4.  In  the  dlractlcn  of 
miller  spacing  ratioa  tha  aoinl  power  rtnrrnnnee 
oontinuously  until  about  SR  -  2  and  then  reoains 
approodZBtaly  oonstant.  The  aaxinai  aound  power 
reckicticn  for  SR  -  2.0  is  about  1  to  1.5  dB  depen¬ 
ding  in  tha  nozzla  nuibar.  It  aey  ba  notad  that 
tha  aound  power  of  the  2-nozzla  array  shows  tha 
Sana  deparrienoa  on  the  spacing  ratio  SR  as  the 
noise  radiated  by  this  nozzla  at  22.5*  and 
60*  (ocBpare  Figures  5  and  7) .  Therefore,  the 
oorreeponding  noisa  .-edu:'  ions  say  be  eiqiected  to 
be  strczigly  related. 

Figure  9  shows  typical  sound  power  spectra  oea- 
Eured  during  tha  experimenta.  These  rssului,  as 
wall  as  several  others,  show  that  tha  total  sound 
powar  reduction  of  tha  interfering  jets  ocepared 
with  independent  jets  is  dua  to  a  reduction  within 
tha  sadluD-to-hi^  frequency  range,  between  about 


2.2.3  Hot  film  neasuranartts 


Sons  of  the  naaaured  turbulence  intensity  data  are 
reproduoad  in  Figure  10  showing  tha  wixlnai  turbu- 
lenos  intansity  eiibay  between  tha  jets,  Ijf,  as 
function  of  tha  dowmueaa  location  X/D.  is  re¬ 
ferred  in  Figura  10  to  the  imxlinai  turbulanoe  in- 
tensitiee,  I^ax'  ^  outer  nixing  region  of  tha 
adjacent  jets,  which  ware  found  to  be  equal  to  that 
of  tha  singla  referenoe  nozzla. 


Figure  10:  TVorfaulcnoa  intansity  ratio,  lM/imo(>  ^ 
omsbh  Blxlng  zona  of  2-nozzls  array 
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Iha  rsBults  of  Figura  10  show  that  tha  interferanoa 
of  tha  adjaoant  jets,  depending  on  SR  and  X/D,  ra- 
duow  tha  turfaulanoa  Intensity  in  tha  oaiiiwn  nixing 
zona.  For  lazga  spacing  ratios  tha  turtulenoa  in- 
tanslty  is  ocaparatlvaly  llttla  mdixMd,  tut  It  da- 
rraasea  si^iificantly  when  SR  approaciiea  values 
SR  <  2.  For  SR  batwaen  SR  -  1.25  and  1.5,  is 
for  nost  test  locations  atxut  20  to  30  percent 
enallar  than 

2.2.4  Regulta  of  shadowgrarVia 

lha  shadowgraphs  tnra  taicen  of  tha  2-nDZ2ls  array 
jats  with  SR  -  1.25,  1.5,  and  1.7.3  at  an  exhaust 
Had!  naibar  of  -  0.9.  Sena  of  tiia  shadowgraphs 
ara  raprodixoad  in  Referenca  [7].  Fcr  tha  mall  spa¬ 
cing  ratio  SR  -  1.25  an  intense  nixing  was  indica¬ 
ted  by  tha  shadowgraphs  with  large  \urbulenoa 
structures  passing  from  ona  jet  to  ti.a  other.  The 
aixing  oocuead  at  downstrean  locations  X/D  -  4  to 
6  oarraspondlng  to  tha  region  where  the  turbulence 
intensity,  l^,  is  naxinally  reduced. 


Fi^ira  11:  Sideline  noise  reduction  of  linear 
nozzle  arrays 


In  the  ahadowgtaphs  for  SR  ••  l.S  the  jets  appeared 
to  ba  aeparatad  by  a  wavy  layer.  In  addition,  in 
several  photographs  longish  large-scale  structures 
could  ba  ofaaerved  in  tha  adjacent  aixing  regions 
which  ware  in  general  epaoad  out  of  phase,  attes¬ 
ting  a  Bitu:a  interference  between  these  struc¬ 
tures.  It  is  possible  that  these  regular  intorao- 
tions  ate  related  with  so-called  orderly  structures 
in  the  turbulence,  althou^  the  ehixlawgraphs 
ftdlad  to  clearly  show  these  structures. 

2.3  Baednstion  of  Xcoustic  ncanl.ta 

2.3.1  General  far  field  eharactsristlee 


For  larger  spacing  ratios,  St,  tha  rotational  asye- 
satry  of  tha  aound  field  of  the  nozzle  arrays  ap- 
paaze  to  ba  due  to  reflacticne  of  sond  waves  ty 
tha  adjacent  jet  straans  rather  than  dua  to  a  co¬ 
herent  noise  radiation,  Tha  jets  tend  to  behave 
similar  as  two-diaansional  shear  layers,  which 
also  almost  ocepletely  transmit  noise  at  90*  but 
reflect  this  noise  for  enaller  angles  of  incidenos, 
eapaclally  if  total  reflection  occurs. 

Sines  only  wavelengths  small  coepared  to  the  size 
of  the  jets  ssy  ba  expsrrart  to  ba  apprecicibly  ra- 
flactad  by  the  jet  flow,  thare  ahould  ba  a  certain 
wavelength,  say  A above  which  noise  is  radiated 
independent  of  tha  adjacent  jets.  Tha  measured  1/3 
octave  spectra  suggest  that  this  critical  wave¬ 
length  is  Ac/0  "  «-5  6’“  22-5*  ^  Ap/O  -  3.2 

for  d  -  45*,  vhich  ara  of  tha  order  of  tha  jet 
Btream  dioeraion.  Tha  dependence  of  A.^.  an  0  nay 
ba  aiplained  ^  tha  fact  that  aound  rays  radiated 
at  different  0  "eea*  different  dlmanslcns  of  the 
adjacant  jet. 

2.3.2  Sideline  noise  reduction 


The  capability  at  a  single  jet  to  reflect  or  trans¬ 
mit  incident  sound  waves  nay  ba  expressed  by  a  cer¬ 
tain  tranmission  coefficient,  say  cXg.  Aneiiming 
inocherant  noise  radiation  and  equal  jets  with 
equal  ot^'s,  tha  sideline  noise  reduction  of  a  N- 
nozzle  array  oenpered  with  independent  jets,  say 
A  spin,  nay  ba  easily  shown  to  follow 


A  SPIojj  -  -10  log 


dt  '  1 


Figura  11  this  relationship  is  ooipared  with 
prs^mit  neasurement  results  of  the  high  frequency 
noise  reasqUon  in.^tha  range  2.5  to  40  kHz,  thers 
Bost  of  thebidelra  ahlelding  ocuure,  and  at  tha 
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overall  noise  reduction  including  frequencies  bet¬ 
ween  0.125  and  40  kHz,  both  for  0-  22.5*.  The  ex¬ 
perimental  data  of  the  high  frequency  noise  reduc¬ 
tions  ara  in  good  agreaeent  with  tha  theenretical 
oirva  for  dk  -  0.12  corresponding  alroet  to  ideal 
noise  reductions.  The  data  of  the  overall  raise 
reajction  correspond  to  larger  tranmission  coef¬ 
ficients,  *  0.42  to  0.52,  and  tend  to  decrease 
soB'^^'at  less  than  given  by  tha  theoretical  curve, 
bacauas  of  ths  ncra  or  less  ccnpletely  traremitted 
low  frequancy  raise. 

2.3.3  &itical  angle  fc 

If  the  rotational  asynnetry  of  the  sound  field  of 
the  linear  nozzle  arrays  is  primarily  due  to  re¬ 
flection  effects,  a  relaticnahip  may  be  expected 
between  the  goanetry  of  the  flow  field  and  the  far 
field  raise  patterns.  This  relation  may  ba  identi¬ 
fied  ty  defining  a  "critical  angle"  f_,  sea  Fi¬ 
gure  12,  dividing  tha  sound  field  into  two  regions, 
one  above  ths  jets  which  can  be  reached  by  direct 
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•asd  ray*  radiatad  tram  all  jata,  and  ona  in  sida- 
llna  dliactlon  uhich  cannot  ba  reached  b/  reflec- 
tad  raya. 


Baaad  cn  thla  definition,  nay  be  expected  to 
be  stita^ly  related  to  an  angle,  say  j^Q'  given  by 
the  condition  that  the  sound  pressure  level  radia¬ 
tad  froD  the  jets  of  the  nozzle  array  is  equal  to 
that  of  corresponding  independent  jets,  sea  Figure 
12.  lb  chedc  whether  thid  relation  indeed  exists, 
fg  VOS  cMained  frm  the  neasured  directivity  pat- 
tama,  and  'fg  was  determined  graphically  assuming 
jets  spreading  at  an  angle  at  10*  and  having  a 
virtual  noise  origin  located  at  about  X/0  -  7, 
baaad  on  the  hot  film  measurement  data  and  results 
reported  by  Grosche  (8],  respectively. 

As  can  ba  seen  in  Figure  12  the  general  trend  of 
fg  and  fg  agree  very  good.  Nith  this  several  of 
the  frea  field  noisa  characteristic  observed  and 
nanticnad  before  nay  be  explained. 


2.3.4  Sound  power  reduction 


For  spacing  ratios  SR  >  2.0  tha  measured  sound 
power  redu^one  where  found  to  follow  apprcxiiiB- 
tely  the  siiple  relationship 


^  miff  “  -10  log 


N-1  A  V 
1  ■  N  ■  V 


(V  •  noiae  generating  volme  at  single  jet,  A  V  - 
noiae  generating  'Ailunt  of  ouBmon  mixing  zone) , 
whicii  aeamee,  ae  often  done,  that  tha  sound  power 
la  proportion^  to  tha  jet  volme  where  most  of 
the  noiae  is  generated  and  that  each  ouauun  mixing 
zone  reducea  tha  sound  power  by  the  same  amount. 

For  a  raaaonabla  jet  axteneicn  of  20  diametor  down¬ 
stream  of  tha  nozzle  exit  and  a  jet  spreading 
angla  of  6*  oarresponding  results  for  N  -  2  and  4 
ate  shown  in  Figure  8,  which  are  in  good  agreesent 
with  the  test  data.  Fbr  SR  <  2.0  thla  relationship 
tends  to  opverpredict  ths  sound  power  reduction  sug¬ 
gesting  that  for  thaea  smaller  spacing  ratios  other 
maChanian  are  Involved,  aa  may  ba  expected. 


3.  now  MO  Hmsg  dka  or  iwvHtnD  picnig  jets 


In  ordar  to  obtain  oorm  detailed  IriToraatlon  on 
thaaa  intmresting  featgces  at  inverted  profile  jets, 
an  axtanalve  agwrimental  and  thearetical  study 
was  parfomid  on  these  Ijet  configurations,  covering 
both  iiji  itntji'  flow  and  noise  measuienents  as  wall 
as  jet  flow  calculations.  In  tha  following  selected 
results  of  dwst  topics  are  presented  and  discussed. 
More  detailed  deacription  of  the  performed  study 
is  given  in  Refatenoe  [9]. 


3.1  Tcgt  Set-Op  and  Waasurgaait  ’Ibehniquem 


Ihe  teet  aRt-<4>  used  in  the  raaasurenenta  for  gener¬ 
ating  different  coaxial  jets  with  inverted  and  con¬ 
ventional  profilea  consisted  in  principle  of  two 
ooaxinl  tubes  which  could  be  provided  alternatively 
with  hot  or  cold  air.  At  the  end  of  the  tubes  a 
ooBXial  pair  of  nozzles  was  installed  which  can  ba 
sean  in  Figure  13.  Tha  inner  nozzle  of  this  pair 
was  cxchangaabla  for  variation  of  tha  nozzle  area 
•  atio  AR  -  Ag/Ai  (A,  -  area  of  cuter  jet  ring, 

Ai  >  area  of  Imar  jet)  and  had  a  wall  thldcness 
of  0.5  M.  Araa  ratios  of  AR  -  2.00,  0.94  and  0.48 
could  bm  realised.  For  adjustments  of  velocities 
and  toqparatures  tha  test  set-up  was  aqulpped  with 
presBura  and  tcBperatuie  probes.  Velocity  and  tur- 
bulancs  pct>filas  of  tha  coaxial  jets  were  measured 
by  pitot  tubes,  hot-film  probes  and  by  laser-doppler- 
anmcamtry  .  Iha  teeperature  profiles  of  tha  jets 
were  irwasured  by  thsiscHelesients. 


A  further  interestlni  measure  for  jet  noise  reduc¬ 
tion  la  ths  application  of  inverted  profile  jets. 
During  the  lart  yvMs,  a  number  of  investigations 
ahowad  that  jets  of  this  )cind  ray  lead  to  remartc- 
ablm  noise  reductions  aoBparsd  to  norssl  coaxial 
jets  as  produoad  by  typical  tuD-<ycla  jet  engines. 

Far  jets  with  inverted  profilea  ths  hi^t-spaad  hot 
turbine  eidisust  flow  oovera  ths  outer  jet  area 
w4isrs  normally  tha  low-speed  cold  fan  typesa  jet 
la  produoad  and  tha  oold  fan  jet  oac^plaa  tha  inner 
jet  area  where  by  oonventlonal  profile  jets  the 
hot  turbine  jet  is  generated. 

Becauee  of  the  relocation  of  ths  hi<#i-apaad  jet  to 
tha  outer  cirouaiferential  region  of  tha  overall 
jet  flow,  tha  radial  dimension  of  tha  high  speed 
jet  is  always  mudi  analler  as  a  oorraspcnding  innar 
dlamater  of  a  oonvantional  profll  jet  would  ba  by 
equal  exhaust  area  and  rase  flow  rata.  Baaad  cn 
this,  a  significantly  enhanced  mixing  of  inverted 
profile  jets  and  oonsequently  alao  leurqly  reduced 
noise  levels  of  theae  jets  ray  be  expected.  In 
addition,  primarily  berauaa  of  tha  enhanced  nix¬ 
ing,  thaaa  jet  configurations  may  ba  also  very 
wall  aultad  for  implementation  into  ejector  flow 
systems  with  possibly  even  mors  jet  noiae  reduc¬ 
tion. 


The  acoustic  maasurasants  included  far  field  test 
which  ware  performed  in  eui  anechoic  cbanber  with  a 
rotating  1/4  Indi  sicrophcna  mounted  far  away  from 
tha  Bouroe.  Ihe  acoustic  data  evaluation  included 
narrow  band  ipactza  and  directivity  patterns.  A 
more  detailed  daacripticn  of  tha  test  eat-vps  uid 
ths  neeaurwant  tadsilxjuae  is  given  in  Rafaranoa 
i91- 

3.2  Baeults  of  Flow  Invastlqaticna 
3.2.1  Jet  f low  gacsetrv 

The  flow  geometry  of  a  typical  coaxial  jet  is  ehown 
in  Figure  14.  In  general,  this  geometry  can  ba  de- 
vldad  as  indicated  in  this  figure  in  tha  following 
three  regions; 

Region  1:  FTcn  tha  nozzle  exit  to  tha  end  of  the 
outer  potential  core.  This  region  can  ba 
further  divided  into  tha  inner  and  outer 
mixing  zone. 

Region  2:  Fbni  tha  and  of  tha  outer  potantlal  core 
to  tha  and  of  the  inner  potential  oora. 

Region  3:  From  tha  and  of  tha  innar  potential  oora 
furthwr  downetraam.  In  this  region  the 
nixing  zona  is  ac^l  to  tha  jet  width. 


Flgura  14:  GecnaCry  of  tha  flow  fiald  of  typical 
coaxial  jata 


Itr  conMntlonal  coaxial  jat  tha  valocity  ratio, 
V^i  and  tha  total  taayaiahira  ratio,  Tgg/To^, 
arm  in  qmral  —liar  than  ona,  uhila  for  inwar- 
tad  profila  jata  ^enarally  tha  lawaraa  ia  trua, 

>  1  and  Toa/Toi  >  1. 


If  a  oonwitienal  coaxial  jet  la  oonvartad  into  an 
ln:«rtad  profll  jet  by  keeping  the  primary  and  aa- 
oondary  naaa  flow  ratea  and  valocltiea  and  with 
thia  Oia  total  threat  conatant,  tha  outer  diaaatar, 
pa'  doaa  in  general  not  change,  alnoa  tha  total 
flow  area  auet  alao  ha  cenatant.  lha  inner  diameter, 
howawar,  generally  Incxaaaea  haoniae  tha  bypasa 
ratio  and  with  thla  the  area  ratio  of  tha  initial 
jat  ata  in  general  larger  than  one.  In  additicn, 
for  thia  caae  the  area  ratio,  valocity  ratio  and 
tiegaiiiriiia  ratio  of  tha  inverted  profila  jat  muat 
be  tha  taclprocala  of  the  oorreapoRling  valuaa  of 
tha  oanvantlonal  jet. 

3.3.2  Wow  MMaiaaBftta 

In  Figure  IS  two  aeta  of  maaaured  valocity  profllaa 
are  etawn,  one  fer  a  typical  orventlal  coaxial 
jet  and  ona  for  a  related  inverted  profile  jet. 

Both  jata  have  naarly  the  came  naxiaua  velocity 
and  eaxiiie  taparatura,  ae  well  aa  naarly  racipro' 
cal  area  ratioa,  velocity  ratioa  and  taiperatura 
ratioe.  Both  jets,  therefore,  generate  approKiaa- 
taly  tha  aama  thiuat. 

Qa^paring  tha  velocity  decay  for  the  jata  ehoen  in 
Figure  IS,  it  folloue  that  for  both  jete  the  velo¬ 
city  radu^on  of  tha  firat  reduoad  outer  jet  ia 
appnKiaetaly  proportionel  to  tin  valocity  gradient. 
IMa  reaulta  in  a  (uch  quicker  rediKticn  of  tha 
mexiMii  velocity  for  the  invertad  profila  jet.  THM 
theaa  kind  of  jata  have  in  tha  noiM  ieportant  re¬ 
gion  X/Oa  <  IS  luch  lower  velocitlaa  than  the  oon- 
VMitlonel  profila  jata  and  tharefera  ehould  alao 
generate  al^ilficantly  leaa  noiaa. 

Mdltional  tauta  with  paranatar  variationa  ahowad 
that  tha  area  ratio  and  velocity  ratio  have  a  greet 
influanoa  on  tha  reduction  of  the  eexiaua  notxla 
velocity  in  downacraBa  direction  for  the  inverted 
profile  jata.  A  reduction  of  tha  area  letio  W  and 
an  IncxaM  of  tha  velocity  ratio  V,/V^  wea  found 
for  exaopla  to  aooelaratc  the  decay  of  the  eexina 
velocity,  the  tanperatura  of  tha  jata  wea  identi¬ 
fied  to  have  cnly  a  email  effect  on  the  reduction 
of  tha  waxiMn  nozzle  exit  velocity.  In  contrast, 
for  conventional  orofila  jets  tha  affect  of  all 
theaa  paranatars  was  found  to  be  rather  inaignifi- 
cant  for  the  oonaidarad  velocity  decay. 
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Figure  15:  Ccepariacn  of  maBaurad  velocity  pro* 

filaa  of  a  conventional  coaxial  jat  (a) 
and  a  related  invertad  profila  jet  (b) 


FUrthacaora,  tha  proeeaa  of  mixing  of  both  oonven- 
tional  and  invertad  profila  jata  uea  inveatlgatad 
by  aaaaureaenta  of  tha  naan  velocitlaa  and  turtw- 
lart  velocity  fluctuationa  at  aaverel  sections  X/D^ 
doNnatzeam  of  tha  nozzle  eocit.  Ihaaa  Invoatlgationa 
ahowad,  that  the  velocity  fluctuations  very  near 
tha  nozzle  are  higher  for  invertad  profile  jets 
than  for  oanventicnal  jets,  harauaa  of  their  hi(#pr 
i^ocity  grediante  in  the  outer  shear  layer.  More 
dowiatreaai  however,  for  X/D,  >  1  the  velocity  fluc¬ 
tuationa  for  tha  invertad  profila  jata  are  aaaiar 
than  for  oonventlcnal  profila  jots,  eapar telly  for 
larger  diatanoaa  X/D,.  Thia  can  be  aaan  in  Figure 
16  dKwing  the  naxinja  ms  turbulent  velocity  fluc¬ 
tuationa  of  aaverel  different  jat  oonfiguretlone 


Figure  16:  MxiiuB  ms  taartaulant  velocity  fluctua¬ 
tions  of  aeveral  taatad  oonventional 
and  invertad  profila  jata 
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3.2.3  Flow  calculationn 

m  additicsi  to  th*  flow  tmamaments  extoraiw  cal- 
culatlona  wcra  perfmnBd,  in  particular  to  (iredict 
tha  dacay  of  tha  velocity  profllea  in  downatroBB 
diracticn  of  the  ooraideiad  jets.  Itva  calculation 
codaa  i«ra  baaed  on  sirf>llflad  et^ticna  of  cxnser- 
vaticn  of  wBoa,  ncoantua  and  energy  uhich  vMira  sol¬ 
ved  by  applying  alternatively  tha  following  three 
diffarant  turtaulenoa-oodela 

*  alxing  length  hypothasis  after 
Rmdtl  [10] 

*  aiiplifled  mixing  length  hypothaaia 
after  Praixttl  [11] 

*  two  aquation  model  after  Jonas 
and  Laundar  [13] 

lha  raaulta  of  theaa  calculations  show  good  agree 
mant  with  tha  teat  data,  aapaclally  if  tha  woke 
dua  to  the  well  thickneaa  of  tha  imar  nozzle  ia 
izplaaantad  in  tha  starting  velocity  p^ile.  As 
an  axBBpla,  Figure  17  shows  tha  acapariaon  between 
naaaumanta  and  calculatlona  of  tha  decay  of  the 
— velocity  for  an  invarbad  profile  jet  with 
an  area  ratio  of  AR  -  0.5.  lha  calculated  results 
shown  ware  obtained  using  two  different  ccnputer 
program  versions,  the  program  fUXH  oonsidering 
tha  woka  mentioned  above  and  the  paogram  FDOK  net 
oondaring  this  woka.  For  both  programs  tha  aiipli- 
fied  mixing  length  hypothaaia  aftar  Prandtl  [11] 
was  applied. 


but  a  great  influanoa  for  inverted  profile  jets.  A 
radxdion  of  Ag/A^  and  an  increaaa  of  Vg/V^  led, 
for  axaepla,  to  a  significantly  reduced  noisa  esiia- 
sion,  because  of  tha  axh  quicker  decay  of  the 
"ovi— »■  velocity  as  identified  in  tha  flow  inveati- 
gatio)  (Hsnwead  before. 

3.3.2  Localization  of  sound  sources 

Ihs  localization  of  tha  sound  souroes  of  the  con- 
sidared  jets  was  carried  out  with  the  correlation 
technique  after  Evertz  [13].  For  the  present  in- 
veatiqaticn  tha  sounse  localization  was  made  for 
the  frequency  range  of  maximum  spectral  level  and 
a  radiation  angle  of  0  >  25*  (angle  between  jet 
axis  and  position  of  microphone) .  For  a  conven¬ 
tional  profile  jet  a  rather  peaked  and  limited  main 
souroe  region  wes  found  at  about  X/Dg  >  7  to  10 
downsbren  of  tha  nozzle  exit.  The  aouroa  region 
of  ihvertad  profile  jets  was  identified  to  be  not 
that  peaked  and  limited.  Following  the  test  data 
it  rangts  from  X/O,  -  3  to  10  downstream  of  the 
nozzle  exit  with  a  flat  maxlmm  at  about  X/Og  -  8. 


3.3.3  Narrow  hand  noise 


Narrow  band  noise  spectra  of  ocnventional  and  in- 
vartad  jets  were  reogded  in  tha  frequency 

range  betwean  50  Hz  and  20  kHz  for  different  radl- 
aticn  angles  0  .  Figure  is  shows  tha  spectra  for 
tha  two  jet  configurations  of  which  flow  data  are 
given  in  Figure  IS.  For  this  example  the  general 
behavior  shall  be  discussed.  Both  jets  prociuoa 
broadband  noisa  with  flat  spactrua  maxima,  lha 
shapa  of  tha  ^]actra  can  be  co^iained  aa  being  for- 
mad  by  the  atgierpoaitlcn  of  noisa  from  'disordered' 
turbulanoB  and  noise  of  tha  periodic  vortioea  in 
tha  shear  layers,  lha  frequencies  of  tha  mxiimmi 
^Mctnai  lavala  are  lower  for  tha  invartad  profile 
jat  than  for  tha  oonventional  jet.  For  these  re¬ 
sults,  tha  maxiimai  level  for  tha  invartad  jat  is 
at  about  3  kHz  and  for  tha  ajnventicnal  jet  at 
about  4  kHz. 


In  tha  direction  of  lowur  frequancias  the  apectrum 
IsMla  derrsaae  rapidly.  Ihe  noise  eouroee  genera¬ 
ting  these  levels  can  be  found  downstream  of  tha 
sourem  location  of  maxlnmi  noisa  radiation,  lha 
souroe  locations  for  the  IU(#>er  frequency  noise 
levels  of  the  qjactra  ar-  located  at  analler  dis- 
tanoas  free  tha  nozzle  a  jt,  because  of  turbulent 
velocity  fi'xrtuaticns  ot  .-.xgher  freiTiencies  at 
thMa  Iccatloia.  As  nantx.nied  befera,  the  velocity 
fluctuations  in  this  aroa  are  higher  but  the  source 
area  is  Mil,  because  of  tha  thin  shear  layers  in 
tha  initial  region  of  the  jet.  Ihua  the  levels  at 
hl^^iar  frequMciaa  are  lowar. 


Figure  17:  velocity  decay  in  oapariaon 

with  msesurenant  data 

3.3  nulta  ot  Acauetic  WwwaitMnta 

3.3.1  Ganeral  results 

Ihs  acoustic  msssuroBsnts  provldsd  a  largs  number 
of  Intaraatlng  genaral  reaulta.  Ihi  sound  IvAls 
of  ocnvatitional  coaxial  jets  were  found  to  depend 
mainly  on  tha  maxijwjn  nozzle  exit  velocity  and  only 
reiatively  little  on  tha  exit  velocity  profile. 
However,  using  invartad  profiles,  raiaa  leducticna 
of  ig]  to  11  dB  wars  identified  caipared  to  oonvert- 
ticnal  jets  with  tha  same  nozzle  exit  velocity  and 
thrust,  thicdi  would  be  of  great  advantags  in  prac¬ 
tical  appllcatlcna. 

A  variation  of  the  nozzle  area  ratio  Ag/A^  and  ve¬ 
locity  ratio  Vg/V^  wee  found  to  have  ordy  a  small 
influanoa  on  tha  i»iaa  of  oorrvarttlonal  profile  jets 


In  addition.  Figure  18  ahewa  that  tha  levels  of 
tha  invartad  profile  jat  are  lower  aepacially  in 
tha  fzequancy  ranga  with  maxinai  levels,  llowerds 
hi^wr  freguveies  tha  differenoa  betwean  the  twra 
jets  baaaas  mailer  and  for  radiation  anglos  of 
Qm  uo*  tha  levels  of  the  invartad  profile  jets 
are  even  hlcdier.  This  is  dua  to  tha  observed 
hitler  velocity  fluctiatians  of  inverted  profile 
jets  naer  the  nozzle  exit,  but  has  only  a  very 
mall  affect  on  the  overall  total  noise  radiation. 


3.3.4  Dlractivit 


Figure  19  shows  tha  aonparison  of  the  diractlvity 
pattam  for  tha  two  coaxial  jets  of  which  flow  da¬ 
ta  and  noiaa  apactra  are  given  in  Figures  IS  and 
18,  raepactively.  As  noted  bafore,  both  jets  pct>- 
duoa  about  tha  same  nozzle  exit  thrust. 


Aa  folloai  from  Figure  19,  tha  maxinm  lavala  of 
both  jat  oonfigurations  are  radiated  between  angles 


I 
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Figm  20:  CcaiMriaon  of  tXy'-(K«r  noiaa  dwractar* 
Istica  of  a  convantional  ard  a  Invartad 
profila  jat 
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rlgura  U:  Oaqpariaon  of  narrow  band  nolaa  apactra 
of  a  oonvantlonal  and  a  ijivartad  profila 
j*t 

of  6> «  20*  to  25*.  Howavar,  for  tha  liTvartad  pto- 
fila  jat  a  markabla  nolaa  raductlcn  of  about 
11  dB  can  ba  aaan  at  thaaa  anglaa.  For  hlqfar  an^ 
Xaa  tha  la\«l  dlffaranoa  batiiiaan  both  Unda  of  jata 
.larraaaaa  an  oould  ba  axpactad  baaed  on  the  nolaa 
apactra  ahowi  before. 

3.2.5  Fly-owar  nolaa  daractarlatlca 

Flgura  20  ahowi  a  ocaparlaon  of  tha  flir-ovar  nolaa 
cfiaractarlatioe  of  tha  different  profile  j>  ta  oon- 
aldnad  before,  whidi  were  derived  frcai  tha  dirac* 
tivity  pattern  ahotm  In  Figure  19.  It  followa  froa 
tbaaa  raault  that  whan  tha  aircraft  approecdiaa  the 
obaarver  tha  nolaa  lavela  for  both  jat  ocnfli^jra- 
tlona  are  naarly  the  aaaa.  ror  tha  flyover  point. 


the  nolaa  of  tha  Invertad  profile  jat  la  about 
l.S  d8  qulatar  than  the  nolaa  of  the  oonvantlonal 
profile  jat.  Hhan  the  aircraft  leaves  tha  obaarver, 
howewir,  tha  lavela  atrcngly  diverge.  Tha  eaxinn 
nolaa  for  t.he  invertad  profila  jet  la  reached  aar~ 
liar  and  ia  about  9.5  dB  lower  than  that  of  tha 
oonvanticnal  profiled  jat. 

Tto  gat  Jnfcmetion  of  real  anginas,  tha  waaaurart 
ape^a  can  ba  scaled  doMi  with  tha  Strouhal  ranbar. 
If  thaaa  acslad  apactra  ore  being  A-waightad,  addi* 
tlcnai  4  to  5  dB  nolaa  reduction  can  bo  axpactad. 
Baaed  on  this,  flyover  jet  nolaa  reductions  of 
acre  than  13  dB(A)  appear  poaaibla  using  tha  Lf 
WMrtad  profila  aathod. 


SBJERD  RESaHS  CT  SBEIAL  9W>B  HIXnC 


Ih  addition  to  the  studiss  laportad  In  tha  previous 
sections,  a  large  variety  of  axperlnantal  and  thao* 
retical  investigations  was  perfomad  on  spaclal 
shape  elxlng  nozzles  and  typical  coaxial  t^ipaaa 
jots.  Tha  goal  of  thaaa  Inveatigatlona  was  In  par¬ 
ticular  tha  davelopnant  of  affactive  jat  nolaa  re- 
ducticns  eons  ires  for  VSVX,  transport  aircraft  such 
as  tha  Ocmier  Do  31,  as  this  wee  Identified  to  ba 
one  of  tha  acat  lipoztant  factors  for  tha  In  ear 
vies  operation  of  this  typa  of  aircraft  [14].  Also, 
with  thaaa  studlaa  a  atggxartlng  data  baaa  ahould 
ba  astabllahad  for  jet  nolaa  control  of  furtura 
onbat  and/or  other  jat  aircraft. 

Aa  ganerally  known,  dua  to  apaclal  shaping  of  tha 
nozzla  axit  geciuatiY  the  tuctulent  mixing  with  the 
sablant  air  and  tha  oocteapandlng  tuztulanoa  inten- 
sitiaa  of  tha  fraa  jet  aay  al^ilflcantly  change. 


Baaad  on  this  also  chan^aa  In  tha  radlatad  noisa 
apactra  may  ba  oxpactad,  utiicii  a.  oftan  previously 
obaarvad  can  ba  relatad  with  intciescin^  noisa  re- 
ductlona.  In  addition,  coaxial  bypaaa  nozzles  have 
a  hi^  jet  noise  reduction  potential  as  tha  naxizun 
exhaust  valoclty  may  ba  reduced  by  increasing  tha 
ralatad  bypass  ratio  far  keeping  the  nozzle  thrust 
constant.  For  tha  perfomed  investigations  the 
establishment  of  more  detail  infomaticn  on  these 
subjects  was  one  of  tha  min  objectives. 

Iha  axperimEntal  part  of  the  conducted  investiga¬ 
tions  included  tha  design  and  provision  of  a  rela¬ 
tively  big  test  sst-ig>  within  the  Oomier  large 
acoustically  treated  test  room  for  hot  gas  and  cold 
air  nozzle  tasting.  Ihe  test  set-tp  pnmitted  noise 
directivity  as  well  as  flow  and  even  thrust  mea- 
suments.  A  large  nrabor  of  different  special 
shape  Bixing  nozzles  and  a  variable  bypass  flow 
ooaidal  nozzle  was  manufactured  and  in  detail  tes- 
tad.  Iha  thaocetical  part  of  tha  investigation  co- 
mted  tha  dsvalopeant  and  application  of  extensive 
jat  nolaa  prediction  aoftuera  auitobla  for  differ¬ 
ent  nozzle  configurations  and  noise  oontour  calcu¬ 
lations.  Also  various  Biallar  jet  nolaa  theories 
ware  developed  and  tastad. 

In  tha  pimnTt  paper  aelaetad  interesting  test  re¬ 
sults  at  the  Baaaureeents  on  different  special 
nixing  nozzles  and  on  tha  coaxial  tvpasa  nozzle 
are  reported.  Further  informtion  including  a  de¬ 
tail  daacrlptlon  of  tha  test  aet-v^  used  ie  repcs^- 
tad,  for  cxasple,  in  Refarenoea  [IS,  16,  17). 

4.1  apeeisl  ampe  Mixing  Mosslas 

4.1.1  Selected  nozzle  oonfiquretione  end  teet 


Iha  apaclel  ahapa  nixing  nozzles  of  vhlidi  aaoustlc 
tast  data  are  reported  are  atasarlzed  in  Figure  21 
and  ere  denoted  by  Ho.  3.3,  3.6  end  4.  Also  shown 
la  a  ciroular  nozzla  with  oantar  body  danotad  by 
No.  2,  which  wea  uaad  as  refarenoa  nozzla  in  tha 
atqparinanta.  The  axhaust  area  of  the  different 
noczlas  is  dmotad  by  A,,  and  is  the  dianatar 
cxxraqjondlng  to  this  eraa.  Ai  can  ba  earn,  all 
nozzles  have  about  tha  aaaa  aihaust  area  ranging 
only  teem  72  to  81  car  and  aocraqpanding  to  appro* 
xia^ly  0^  •  10  CM. 

In  addition,  Thbla  1  emmarizaa  tha  total  axrt  ten- 
paratura,  Tg,,  tha  mxiatn  aihauBt  velocity,  V, 
and  tha  oortectad  nozzla  thrust,  Tf(,  of  tha  nozzles 
and  tast  casas  aalactad  for  this  papar.  It  follows 
that  only  hot  gas  tasta  with  approcimtaly 
Tga  •  773  X  are  considarad  and  that  for  all  rasas 
V,  and  ara  naarly  agual. 

4.1.2  Waaanerl  directivity  pattama 

Figura  22  ahcMS  as  an  axaspla  tha  aaaaiirad  overall 
aouxl  praaa.ira  level  dlrecrtlvlty  patterns  of  tha 
apacial  ahapa  nixing  nozzles  and  tha  circular  re¬ 
farenoa  nozzla  aa  susnerired  in  Figure  21  and  Tab¬ 
le  1.  It  follcMi  froi  thaee  data  that  for  radiation 
angles  6  >  W  the  overall  nolaa  laval  of  tha  nix¬ 
ing  nozzias  is  about  tha  aana  as  that  of  tha  circu¬ 
lar  refarancm  caaa.  In  tha  direction  of  about 
0“  30*,  hauarw,  tha  nolaa  level  of  the  3/6-epaka 
nozzla  is  about  7  dB  lass  Intanaa  ooaparad  to  the 
rafarmoa  nozzla. 

Iha  next  gcxsd  nozzla  la  tha  9-laba  nozzla  with  also 
about  7  dB  nolaa  reduction  at  G  •  30*  but  with  no 
nolaa  reduction  at  about  0 ■  45*  oenparad  to  tha 
refaranoe  caaa.  The  circular  lultiple  nozzla  ahowi 
arouid  0  •  30*  and  45*  also  no  sig^ficent  izprovt 
nmt  with  raapact  to  tha  rafaranos  nozzle. 


Na.t  (t  I 
D,  •94m<n 
A,.  75.5  cm* 


HO.4  (*  ) 

0,  -  101,4  mm 
A,-  Sl.Oem* 


Na.13  e>) 
0,  •  94.8  mm 
A,.78.ICffl» 


He. 3.8  Ml) 
0,  •  >5.5  mm 
A,.  71.9  cm* 


Fl^oe  21t  Special  ahapa  idxing  nozzias  (No.  4, 

3.3  and  3.6)  and  circular  nozzla  (No.  2) 
uaad  for  aiqiariBanta 


Since  the  naxiaan  nolaa  Invals  of  the  diffarint 
nozilas  are  radiated  for  each  caaa  in  tha  range 
15*  bo  60*,  tha  obaarvad  nolaa  raductiona  in 
the  directivity  pattern  nty  ba  axpartad  to  OLana- 
pend  to  slnllar  radetiona  in  tha  sound  power  radi¬ 
ated  tff  thaaa  nozzias. 


4.1.3  )9Mai,ged  1/3  oetava  SPL  apactra 

Mxe  Intaeating  than  the  overall  noise  reductions 
of  tha  diffarant  nozzle  oonfiguratlora  shown  in 
Fi<;a<ra  22  ara  tha  shifts  in  tha  relatad  1/3  octave 
sojnd  praaaura  laval  ^Mctra  as  rrmantad  in  Fi- 
Toe  23.  Specially  tha  6/9-apoica  aultlpla  nozzla 
and  tha  9-lofaa  nozzla  show  tor  6  -  30*  and  45* 
nolaa  aaxina  at  fraguancias  around  8  kHz  oonparad 
to  tha  reforirca  nozile  nolaa  laval  paak  locatad 
anuid  1.25  kHz.  fbe  fl  -  60*  the  nolaa  lavela  of 
thaaa  tw  nixing  nozzias  paak  also  aroad  8  kHz 
bit  tha  paa)c  of  tha  nolaa  of  tha  refarenoa  nozzla 
la  vary  broad  and  ranges  frea  1  kHz  to  8  kHz.  Tha 
nolaa  qpactrua  of  tha  circular  zultipla  nozzle  la 
above  5  kHz  for  all  0  approximtaly  equal  to 
those  of  tha  other  two  mixing  nozzias.  At  lower 
fragAiznclaa,  hoMvar,  this  nozzla  mdlataa  signi¬ 
ficantly  acre  nolaa  than  tha  other  two. 


120  110  100  90  00 

SPL{d8| 


Fiqun  22:  Cbgfnriaon  of  dlractivlty  pattoma  of 
ipatilil  ahapa  aixln)  mzzlaa  and  circu¬ 
lar  noula 


lha  itvlft  of  tha  apactnaa  aaxiaa  of  tha  aixin^ 
mziiaa  to  hiqtiar  frequanciaa  la  dua  to  tha  aBallar 
aactional  diniiiaiana  of  thaaa  nozxlaa  producinq  a 
larqar  naLar  of  anallar  vortloaa  qmaratinq  aora 
hiqh  fraquancy  uvtaad  of  low  fretyjancy  nolaa. 

Itila  aay  hava  an  additional  poaaitiva  affoct  on 
tlM  noiaa  raducticn,  ainoa  hlcNc  fraquaneiaa  ara 
in  qanaral  alwaya  aora  abaortad  by  atBoapbaric  ab- 
aorptlon  than  louar  fiaquenciaa  although  thia  ab- 
aorptlon  dapanda  atttngly  on  tha  air  hwiidity  and 
taaparatura* 


4.2.1  NoMla  eonfiquration  and  taat  oonditiona 


lha  coaxial  bypaaa  nocxla  uaad  in  thaaa  aD^vixanta 
and  a  aaction  of  tha  ralatad  taat  aat-iqi  ara  ahoMn 
in  Figura  24.  Iha  innar  diaaatar  of  thia  nozxla 
waa  oonatant,  Di  •  9.6  on,  tfUla  tha  outar  diaaatar 
could  ba  chanqad  tc  hava  valuaa  of  •  11.9, 

19.9,  10.0,  22.9  and  about  24  ca. 

Iha  taat  flow  oonditiona  of  tha  diffarant  noxxla 
oonfigurationa  during  tha  aoouatic  BaaauraaantB 
ara  auaaarlzad  in  1>d3la  2.  Aa  aay  ba  aaan,  tha  lit* 
ntr  noxxla  araa  Aj,  tha  danaitiaa  and  f,  (1  • 
imar  jot,  a  >  outar  jut) ,  and  for  tha  taata  No. 

XI,  III,  IV  tha  tvpaaa  ratio  |U>  tara  kapt 
oonatant  during  tha  aaaauraatnt,  vmla  tha  noxxla 
axhauat  valocitiaa  and  v,  aa  «oll  aa  tha  outar 
aidiauat  araa  A,  Mxa  variod. 

4.2.2  Datanainad  aound  pewar  raaulta 


Iha  aoouatic  naaauraaanta  parformad  on  tha  dif¬ 
farant  nozxla  oonfigurationa  includad  ovarall 
aoail  praaaiira  laval  dlractivlty  naaauramnta  aln- 
ilar  aa  for  tha  apacial  ahapa  nixing  nozxlaa,  trm 
tOiich  aound  powar  valuaa  vara  datanalnad  oonai- 
daring  tha  iapcrtant  radiation  angla  ranga 
11*  <  6<  139*.  Iha  raaulta  of  thia  evaluation  ara 
plotted  In  Figure  29  varaua  the  noxxla  thruart,  lyi, 
which  waa  aaitiiaarad  baaad  on  tha  velocity  and  aaaa 
flew  rata  data  givwi  in  nbia  2. 
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Figure  23:  Oaapariacn  of  1/3  octave  noiae  apactra 
of  apacial  ahapa  nixing  noiilaa  and  cir- 
oular  noxxla 


Figure  29  oonfina,  for  aoeaapla,  that  a  algnlflcant 
thruat  inoreaaa  nay  ba  obtainad  with  no  la^ 
change  in  tha  rad<atad  aound  power  ty  only  increa- 
aing  tha  typaaa  flow  area  A,  but  leaving  tha  velo- 
citlaa  Vi  and  V.  atgroKinataly  aqual  (aaa  taata 
No.  II,  n,  VII,  caaa(l)).  In  addition  it  followe, 
oa  aogtactad,  that  a  large  nolaa  reduction  can  ba 
obtainad  by  nearly  aqual  thruat  if  tha  lunar  jat 
velocity,  Vi,  ia  reduoad  and  tha  raaulting  lade  of 
thruat  ia  ocepanaatad  by  Inoreaaing  tha  outer  jat 
velocity,  V,  (aaa  taata  No.  I,  v,  caaa<J)).  Aa  al¬ 
ready  na^onad  in  Section  3,  thia  indioataa  again 


Fli^ira  24:  Test  seti^  of  ooaxlal  bypaaa  nozxle 
(0^  -  5.6  on) 
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'nibl*  2:  IM:  values  of  coaxial  bypass  nozzle 
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Figure  25;  Sound  power  of  ooaxlal  bypass  nozzles 
and  special  shape  mixing  nozzles  versus 
thrust, 


that  the  most  izpoctant  noise  parameter  of  this 
nozzle  type  Is  the  relatively  high  Inner  jet  velo¬ 
city  V£  and  not  so  sucdi  the  outer  nozzle  valtes  A, 
and  V,.  The  data  of  tests  No.  V,  IV  and  II  In  Fi¬ 
gure  25  (sea  cased))  <^aDnstrate  this  further  al¬ 
though  in  this  cose  V,  deuea-ses  and  largely 
Incxeases. 

In  addition,  Figure  25  shows  the  sound  power  levels 
of  the  special  shape  mix^  nozzles  and  circular 
reference  nozzles  stenurlzed  In  Figure  21,  which 
were  detenainsd  similarly  as  described  above.  Ihe 
levels  of  these  nozzles  are  up  to  about  10  dB 
higher  than  thciea  of  the  ooaxlal  bypass  nozzles  by 
about  egual  thrust.  Indicating  for  the  bypass  nozz¬ 
les  a  clear  acoustical  advantage.  However,  since 
these  test  have  been  performed  in  different  test 
caipe^as  at  quits  different  times,  this  result 
has  to  fas  taken  with  certain  precaution. 

DHOt  CN  aPGOAL  AODOBITC  ABSORBQS  KK  DdNE 


The  UBS  of  acoustic  linars  is  of  particular  inter- 
sot  for  engine  inlet  and  engine  bypass  ezdiaust  sec- 
tlcns  for  reducing  Intense  fan  noise  cenponenta. 

If  theaa  noticeably  effect  the  aircraft  overall 
noise.  In  addlticn,  hi^  tesperaturs  resistive  li¬ 
ner  rteelfpis  may  be  iapleaented  Into  the  primary 
eodiaust  nozzle  for  ooehustlon  noise  and  turbine 
noise  zaductlcn.  Also,  acoustic  liners  ars  needed 
for  treatments  of  the  imer  eurfeoa  of  ejector 
flow  systoes  for  reduction  of  the  Intense  jet 
mixing  noise  undemeetb  the  ejector  shroud. 

Because  of  this  broad  range  of  application  and  the 
speriel  need  for  military  aircraft  angina  noise 
raductiens,  a  large  nueber  of  investigations  of 
ths  acoustic  and  etzuctural  properties  of  a  varie¬ 
ty  of  oonventlonal  flow  resiid^ve  type  of  acoustic 
absectsES  was  carried  out.  Two  aalactad  reports 
partially  docueenting  this  work  are  given  in  the 
list  of  Rsferences  (18,  19).  Baaed  on  these  in- 
vestlgstlas  and  further  publications  [20],  an  ex¬ 
tensive  thsorstical  and  (Dgxorimental  work  pccigram 
on  epsnial  acoustic  absorbers  applicable  for  air- 
exaft  acoustic  liners  was  set-ip  and  conducted.  As 
an  soomple,  Rsferenoes  (21,  22]  name  for  informa¬ 
tion  two  reports  related  to  this  program. 

A  ssin  feature  of  the  oonsldered  apeclal  acoustic 
absorbers,  tdilcXi  may  be  termed  also  special  Heljm- 
holtz  type  abeortaeis,  is  their  capability  to  ex¬ 
tend  the  abeorpticn  prtpsrtise  of  acoustic  liners 
Into  the  Izportant  low  frequency  range  and  with 
this  requiring  only  about  1/3  of  the  height  of  re¬ 
sistive  reeonator  type  absorbers  (conventional  ab- 
scrteis),  irfileh  is  izportant  for  aircraft  applica¬ 
tion.  Ihs  special  absorbers  oonslst  of  a  ocnlcal 
or  s>gxrantlal  horn  covered  by  a  resistive  per¬ 
meable  sheet  and  surrounded  ty  a  clooed  supinrting 
call.  The  voltae  of  the  horn  and  tha  sumoiinling 
call  are  coupled  by  a  alot  of  oertain  size  In  the 
horn  neck.  Due  to  this  coupling  an  abaerption 
peak  could  be  achieved  at  much  lower  frequencies 
than  predictable  for  amparabls  conventional  ab- 
icrfaezs  based  on  the  generally  used  quarter  wave¬ 
length  rule.  In  addition  a  high  frequeniy  absorp¬ 
tion  peak  exists,  which  may  be  rsletad  to  the  ef¬ 
fect  of  tha  resistive  peim^ls  sheet  and  the  cx>- 
vered  horn  volian.  ihezefore,  in  ccnblnatlon  with 
conventional  absorbers  a  relatively  brendband  ob- 
serprien  may  be  established,  which  Is  alwo  of 
great  practical  izportanoe. 

In  the  following,  selected  teat  results  on  these 
special  Absorber  studies  are  presented  including 
normal  incidance  abeorption  data  of  only  special 
aaoustic  absorbecs  and  data  obtained  for  an  Alpha 


i 
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Jit  angina  inlet  treated  with  tiiesa  atacrtera  in 
oobination  with  oonventlonal  onaa.  The  result 
ware  taken  frcn  Referanoes  (21,  22]  Bantloned  al- 
raad/  before.  Flarther  details  can  be  found  in 
these  reports. 

5.1  Herml  Diddenoe  kbeoeption  Deta 

TWO  sets  of  naaeured  nocnal  Incidanaa  abeorption 
data  of  only  apectal  absocbera  are  ahoun  in  Figur* 
res  26  and  27.  The  abeenbere  are  denoted  in  these 
figures  and  in  the  following  by  nc/y  and  Bc/y 
where  K  and  E  Indicata  edBorbers  with  a  oonical  or 
aaggnential  horn,  and  x  and  y  stand  for  the  dijoen- 
sitxtlaea  oentrecticn  ratios  of  these  home  and  the 
horn  slot  hai^  in  ne,  respectively.  In  addition, 
in  Figure  27  the  tern  NRA  la  used  for  oonventlonal 
resistive  resonator  type  absorbers. 

Figure  26  presents  data  of  oonical  horn  absorbers 
X  5/2  with  different  sipport  oell  wolueas  and  atg>- 
poct  oell  cross  sectional  shapes.  Ftoe  these  data 
the  characteristic  feature  of  the  special  aooustic 
absorbers,  can  be  Idhntlflad,  having  two  absorption 
aaxlea,  one  in  the  relatively  low  and  one  in  the 
hli^anr  fraqumcy  rangs.  In  addition,  it  followe 
that  the  fraquerey  of  the  low  fiequancy  abaorptlon 
peak  say  ba  strongly  effactsd  by  tha  total  abaorber 
waltae  as  say  ba  eoipscted.  Oianging  for  axasple 
tha  vnliBS  ftta  16.5  cb^  to  24.4  or,  this  fre¬ 
quency  Aifta  froi  about  l.O  Mli  to  approaclaetely 
0.75  Mil. 

In  Figvoe  27  the  frequency  ranges  with  absorption 
values  el  >  80  I  are  givan  for  aaveral  epaclal 
aaouatic  absorbers  with  an  exponential  horn  with 
oaitr action  ratios  of  2,  3,  4  and  5  (sea  B  2  to 
B  5)  and  an  abaorber  with  a  oonical  horn  with  oon- 
tractlon  ratio  5  (aaa  K  5) .  Ibr  all  abaorbara, 
data  are  presented  for  slot  heic^its  of  1,  2,  3,  4 
and  5  aa  as  Indicatad.  In  addition  one  result  for 
a  ooneeitlonal  resistive  raaonitcr  typa  abaorber 
is  given  (sea  WA) . 

rtm  Flgws  27  followe  that  tha  fiequancy  of  espe¬ 
cially  the  low  frequency  absorption  is  stnx^ly 
influMoad  by  the  horn  oontzectlon  ratio  and  the 
horn  slot  hsi^.  In  addition,  tha  result  for  tha 
oonventlonal  abarebsr  indicates  that  tha  gap  bat- 
waan  the  two  absorption  peaks  can  ba  filled  by  con¬ 
ventional  absorber  daaigna.  Thus,  for  the  cptiaa 
low  frequency  absorber  E  S/1,  a  freoenncy  range 
with  optlaae  absorption  valvjas  ranging  freei  as  eudt 
aa  0.63  to  6.3  kKe  appear  to  ba  possible  in  practi¬ 
cal  applicstlons. 

5.2  Results  of  Alpha  jst  mist  Tbabs 

For  obtaining  first  practical  results  on  the  apa- 
cial  aocustlc  absorbers,  two  1:1  scale  Alpha  Jet 
engine  inlet  section  nodals  veers  build,  one  without 
and  one  with  acoustic  linars  oonsistlng  of  SO  t 
apacial  aoaustlc  absorbers  and  of  SO  t  oonventioral 
absorbats.  Aa  partially  ahoisv  by  Ficgn  28,  tha 
inlet  aacticna  were  later  novsvtad  into  the  test 
window  separating  tha  Domlar  reverberation  chanbar 
end  anacholc  rooa  end  were  than  acoustically  oxitad 
with  a  typical  angina  noiaa  apactra  at  tha  angina 
aide  located  in  tha  reverberation  (dtaabar. 

The  raaults  of  thaae  teats,  tha  noiaa  radiated  froe 
tha  tast  BOdal  inlet  sides,  are  presintad  in  Figvare 
29.  Tha  data  indicata  noiaa  reductions  vgj  to  about 
25  (B  and  oonfini  tha  reeerlcabls  broadband  nolos 
raductlcn  capability  of  tha  apacial  aooustic  abacr- 
bsrs  invMstlgatad.  For  future  applications,  thore- 
fore,  also  those  absorbers  Miould  ba  oonsidsrad. 


Figm  26t  Ncaesl  incidancs  absorption  of  conical 
horn  type  absorbers  K5/2  in  four 
diffannt  atgport  cells 


Frequency  |kHr| — [b- 


Figure  27:  Fiequancy  range  of  noresl  IneldMxss 

absorption  dux  80*  of  diffarant  apacial 
ataaorbar  seaplas  (B  2/1  to  K  S/5)  and  a 
oonvanticnal  rssiative  rasoiiatvar  type 
absorber  (MIA) 


FiiFare  28:  Teat  set-up  with  aoouaticslly  treatad 
Alpha  Jet  iiUet 


;k-i5 


Fiqun  39:  noia*  raduction  of  Alpha  Jet 

Inlet  with  special  acoustic  absorter 
txeatmit 


6.  nnmL  mtmgncAL  no  rxpaamttM.  tssaura 

OH  PBCTOR  FLOW  SYaiBC 


As  already  SMitionad  in  Section  1,  a  very  attrac¬ 
tive  saan  for  tha  reduction  of  jet  e:diaust  noise 
tmmm  to  be  the  usa  of  ejector  ayetcna,  vAiich  have 
also  a  great  potential  of  increasing  tha  static 
thrust  ucepared  to  nomal  jet  engine  nozzles. 

In  principle  an  ejector  systee  oonaists  of  tha  air¬ 
craft  jet  angina  and  a  shroud  placed  around  and 
dounstreae  froe  the  angina  a^deust  exit.  Because 
of  tha  ejector  affactt  a  flow  of  secondary  asbient 
air,  hf,  is  antrainad  into  tha  ahroud  and  eixae 
there  with  the  prinary  jet  flow,  lu.  ItM  result  is 
an  augnantad  airflow,  iL  *  aodausting  frcn  tha 
downstraas  and  of  tha  Hvroud  with  a  velocity,  which 
nay  be  quite  anallar  than  that  of  tha  prinary  high- 
apsed  engine  jet.  Baaed  on  Lic^thill's  V*^-Law, 
therefore,  this  jet  flow  ray  be  e:qpacted  to  procAxa 
significantly  lass  noise  than  the  prirary  jet  with¬ 
out  ejector  ahroud.  In  addition,  if  friction  los- 
ans  are  kapt  anall  within  the  ahroud  and  ahroud 
irdct,  tin  effect  of  tha  augnantad  flow  is  also  to 
anhanoa  tha  static  thrust  of  tha  Initially  unahrou- 
dad  jet. 

lha  relatively  quiet  external  ejactcr  jet  is  the 
most  important  acoustic  feature  of  ejector  aystsae. 
In  addition,  it  can  be  a:g»ctad  that  the  internal 
ejector  noise,  gfanerated  undemaath  the  ahroud  by 
tha  intansa  aixing  of  tha  prisary  and  secondary 
ejector  flows,  is  also  leas  intansa  than  tha  noise 
of  oorresponding  unshroudad  nozzlas,  slnoa  the  pri- 
nary  ejector  jet  sixas  not  with  air  at  rest  or 
flig^  apaad,  but  with  tha  saoondary  airflow  having 
always  an  at  least  soBsuhat  higher  velocity.  A>so, 
tha  internal  ejector  noise  say  ba  chatxialad  or 
ahieldad  by  tha  ejector  ahroud,  so  that  poaaibly 
only  i>jduo^  levels  of  this  noise  can  ba  radiated 
to  the  ground.  Henoa,  if  tha  ahroud  is  sufficient¬ 
ly  long  so  that  tha  internal  aUxinq  procaas  can  be 
ooaplatad  within  tha  ahroud  and  aasuaing  that  sera 
noira  chanrallng  or  shielding  takes  place,  tha 
noise  of  ejactcr  aystans  ray  ba  expected  to  bo 
greatly  raduoad  oaqpared  to  unshroudad  jets. 

for  prectloBl  applications  and  if  hiqlMr  noise  re¬ 
ductions  are  required,  however,  it  appears  to  be 
nareesary  to  furthar  rodxa  tha  Intsmal  ejector 
noise,  as  it  ray  strongly  doninata  the  total  ejec¬ 
tor  noise,  at  laaat  in  uartsln  fraquracy  bands. 

Since  this  noise  is  now  gansretsd  vaidsmssth  the 
aleoud,  this  is  aespered  to  the  noise  reduction  of 


free  jets  no  icngsr  a  vay  difficult  problast. 
Siadlar  as  for  fan  and  ootustion  noise  control, 
acoustic  liners  nay  now  ba  used  attached  to  tha 
inner  surface  of  the  ahraat.  Ihis  is  another  cpreat 
advantage  of  ejector  syabaas,  uhidi  can  ba  and  cer¬ 
tainly  should  ba  ueed  for  further  noise  reductions.. 

In  addition,  effective  ejector  systona  with  single 
circular  prirary  jets  say  require  rather  long 
shrouds,  probably  more  ttan  10  jet  diaratars  long, 
which  certainly  could  caura  design  difficulties. 

This  prcblas  ray  be  also  relatively  easily  overcom, 
naraly  by  acceleration  of  tha  sixing  process  within 
the  ahroud.  For  axazpie,  to  anhanoa  this  sixing, 
optizdzad  mltipla  nozzlas  and/or  special  shape 
zdxirg  nozzles  ray  ba  used  in  the  ejector  design 
sigpxificantly  reducing  tha  required  ahroud  lem^ 
and  lowering  tha  jet  noise  already  by  itself.  In 
addition,  if  a  real  treahtteoui^  in  oosbat  aircraft 
jet  noise  reduction  is  draized  and  put  forward  with 
required  higfi  priority,  ejector  syetsns  ray  be  fully 
intsgratsd  into  future  aircraft  desi^is  ao  that 
longer  ahroud  lengths  onuld  bs  ussd.  If  this  would 
bs  ths  cass,  together  with  optisizad  sjactor  aixing 
noazlas  and  acoustic  linn,  noise  reductiens  of  the 
order  as  schlavad  for  civil  jat  aircraft,  say  up  to 
about  20  da  or  ncra,  appear  poasible  at  presant, 
reflactlns  clearly  a  si^iificant  noise  reduction 
potanti/.x  of  these  syetrae  not  given  by  any  other 
currantiy  tonwn  jat  noise  agpreeerr  desist. 

TO  aopliTa  tha  sjactor  syetas  noiaa  reduction  po- 
tantial  in  aoaewhat  eora  detail,  an  initial  theore¬ 
tical  and  agperinentsl  study  cm  thaaa  syetses  was 
perferaad  in  conjunction  with  ths  investigation  on 
llnaar  arrays  of  nixing  circular  jets  reportad  in 
Saction  2.  Tha  thaoratlcal  part  of  ths  study  in- 
cludad  ons-diransicnai  tint  ejector  oslaulstions 
for  ajactora  with  ooratant-area  ahreuds.  Ftr  tha 
initial  aqparinnts,  ejactcr  configurations  were 
used  cxaiBlstlng  of  the  3-noczie  array  dracribed  in 
Section  3  and  rectangular  ahrouda  with  parallel 
side  wells  and  of  diffareit  lengths.  Tha  test  per- 
fomd  with  thass  oonfiguratlcna  oovorad  sound 
power  neasuzeaents  using  ths  reverbaratian  chanbar 
tadtfiique  and  naas  flow  rsoordinge  for  atstlo 
thrust  awtiratas,  hsslrtas  typical  pressure  and 
taeparatuze  nasureaants. 


Lt  tha  fellcwing,  aslactad  intarestirig  results  of 
the  psrfcrrad  thaocetical  and  a:qMrlaantal  studies 
are  rraeantarl  and  cutiinel,  after  aces  brief  axpiai- 
ning  gararal  reaerks  on  this  work.  Hors  datsilad 
inforration  can  be  found  in  Rafarenoas  [7,  21]. 

6.1.  aslsctsd  gjector  Itedala.  Wetstiona  and  gjecter 


6.1.1  Macter  wodala  and  watstiona 

A  akatdi  of  tha  sjactor  radals  imd  seas  noptations 
used  for  tha  a:perinntal  and  thaorsticai  study, 
raapactively,  are  ahewn  in  riguze  10. 

For  characterizing  ths  deeud  inlet  gsteetry  ud 
rasa  flow  rata  oorditians  at  Station  1,  an  area 
ratio,  AX,  and  a  mas  flow  ratio,  k^,  ware  defined 
given  by 


AR  • 


ks- 


H 

■ST 


where  A,  and  An  are  tha  aaoondary  and  prizeuy  nozz¬ 
le  aaUt  areas. ^ 


0  •  2.12cm 
H/0 . 2.0 
WIO  •  4  0 
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Sound 


aa  Will  as  tha  determi  nation  of  optinn  ahroud  ccn- 
figuraticna.  In  addition  tha  analysis  was  needed 
to  au|:|iort  and  gulda  tha  Initial  experinental  study 
and  to  halp  judgliig  the  teart  reaulta. 

Iba  calculatlO'ia  were  restricted  to  cold  primary 
and  aaoondary  ilrflcwa  of  equal  total  teaperetures. 
Top  -  Tg,  ani  assuned  that  tha  aurroundlnq  at- 
BD^phara  and  tha  ejectors  are  at  rest.  In  addition 
it  waa  aaaaad  that  tha  Intenwl  ejector  noise  la 
aufficic.ntly  abacrtaad,  so  that  tha  total  noise  Is 
govamad  jnly  by  tha  external  ejector  jet.  Also, 
friction  losses  within  tha  ejector  nozzles  and 
along  t'.ia  inner  ahroud  surfaces  were  neglected  and 
Isantropic  flows  wltlvin  the  nozzles  were  assuned. 

At  tha  Inlet  and  exhaust  of  tha  ejector  shroud, 
Sections  1  and  2,  unlforn  velocity  profiles  were 
pnatulatsrt  also.  Hence  tha  ahroud  was  aB«n.inec1  to  be 
aufficiantly  long  so  that  tha  mixing  of  tha  prlraar/ 
and  aaoondary  jet  could  taka  plaoa  fully  within  tha 
ahroud. 


Flgura  30:  Ejector  aodal  with  2-nozzla  array  and 

aalactad  notations  mad  for  eiqiarimental 
and  theoretical  study,  raapactlvely 


6.1.3  Ejector  raferanoa  nozzle 


In  order  to  oorractly  ocapera  and  judge  tha  nolaa 
radiation  and  thrust  psrfeitwams  of  ajactcr  syatoes 
a  oorraapondljig  unahroudml  rsfsranoa  nozzla  naad 
to  ba  claarly  dafinad. 

For  tha  present  study  It  waa  aaaiMd  that  tlia  r»> 
faranoa  nozzla,  if  attsdiod  to  tha  ajactor  jet  an¬ 
gina,  should  permit  oparatlon  of  this  angina  at  tha 
aama  cparatlng  point,  lharafara,  tha  rafaranoa  nozz¬ 
la  was  dafinad  aa  bslng  In  prircipla  tha  primary 
ajactor  noczla  having  tha  aama  total  flow  oondl- 
tlons  pylp  <■  Fbo  **'‘1  '^OD  **  '’^co  ^  ^ 

mass  fldi  rat^id  •  whi^  tha  prloaa  (')  ds- 
nots  urahroudad  tmfermncs  oondltlana.  In  addition 
tha  ataospharas  surrounding  both  tha  rafaranoa 
nozzla  and  tha  ajactor  wara  aasmad  to  ba  tha  aama 
ao  that  Pi  -  Pa  -  Poa  Ti  -  T,  -  To,. 

Itia  mtmmft  Mach  nuntmr  of  tha  aalactad  refaranoa 
nozzla,  tarmad  "rafaranoa  ftacdi  mater"  in  tha  fol¬ 
lowing,  la  thus  •  t  (Pa/Fbp)  tha  NKh  rue* 

bar  of  tha  prlmarV  ajactor  jet  la  M-  -  f  (Px/pup)  • 
Slnoa  Pi  <  pg,  bacauaa  of  tha  ajactor  affact,  it 
follow  that  <  N-  and,  to  kaep  tha  maas  flow 
rataa,  aqual,  that  Ap  >  Ap. 


It  Bay  ba  ncted  that  this  dafinitlcn  of  tha  salec- 
tad  rmfazenoa  nozzla  la  fm  an  acoustic  point  of 
vlaw  oonaarvatlve  and  laada  to  scaawhat  aMllar 
nolaa  raductlon  valuas  than  for  a  rafaranoa  nozzla 
with  aqual  Mdi  raadiar  and  aqual  aaas  flow  rata  but 
radkxad  total  praaai.in  (aquai  haidi  mater  rafaranoa 
nozzla) .  For  area  ratios  AR  >  2  to  12  vd  tast  data 
for  a  rafaranoa  Mach  mater  Ml  •  0.90,  tha  correa- 
ponding  dlffarenoaa  wars  astiaatad  to  ba  about  4  da 
to  1  (B.  nwaa  valuas  should  ba  taken  into  aooount 
by  intarpratlnq  tha  praaant  reaulta  and/or  by  ooa- 
p^lng  thw  with  othar  study  data. 

6.3  Elactnr  Analyeia  and  Malatad  Weaulta 

6.3.1  Aaaiazitlona  and  analvaia  outllna 

Tha  pjrpoaa  of  tha  analysis  waa  to  first  astimata 
tha  parformnos  charactaristics  of  ajactor  systano 
oparatinq  under  static  and  more  or  leas  ideal  oon- 
ditlona.  Of  primary  intarest  wes  tha  jat  nolaa  re¬ 
duction  and  thrust  aupnantation  of  thaaa  systeam. 


Tha  noiaa  raductiona  calculatad  for  tha  different 
ejector  systaras  correepond  to  sound  power  reduc¬ 
tions,  ^  no.,  ccnpared  to  the  select^  unehrcuded 
refaranoa  nozzla.  Baaad  on  tha  aastmption  of  uni¬ 
form  wlocity  profilaa  also  for  tha  refaranoa  jet 
and  using  Llchtiilll'a  V^-Law  with  the  aaaa  oonatant 
of  proportionality  for  both  axtamal  ajactor  jet 
and  rafaranoa  nozzla.  It  follow  that 


Fhr  dearrlblng  tha  static  thrust  aups'ntatlon  of 
tha  ajactor  systaaa,  a  static  thrust  ratio,  TK, 
was  dafinad  given  by 


lAwra  Fj  and  Fl  are  tha  thrust  valuas  of  tha 
iKtatTial  ajactfr  jat  and  tha  rafaranoa  ncatla, 
reapactlwly. 

6.3,3  Salactad  analyeia  reaulta  and  iHan,iaaicn 

Sard  pome  reductlcn,  A  W,.  As  an  axaapla,  Figura 
31  ahcMi  tha  sound  ptMsr  raductlon  A  IM,  of  an  ajac¬ 
tor  with  a  cxaiatant-araa  ahroud  vareua  tha  refar- 
znoa  Mcti  maebkJ',  fC  ,  for  oonatant  area  ratios 
ranging  bmtiman  AH  <•  3  and  13.  At  lili^wr  valuas  of 
1^  tha  primary  ejector  nozzle  is  ctekad  (1C  >  1) 
afid  tha  calculations  were  stopped  at  this  ^Int, 
Indicatad  in  Figure  31  by  tha  daahad  line. 

As  can  ba  aaan,  A  depends  only  ali^ly  on  iC 
but  vmriaa  strongly  with  AH.  With  Increasing  tC, 

A  Wt  dacreaaas  by  about  1.0  to  .1.0  d8  d^mnding  on 
AH.  This  dacreaaa  uorraaponds  to  an  increase  in  tha 
velocity  ratio  Vj/V'  with  Mi  and  suggesta  that  Vg/V' 
incraasas  acmaMiat  raster  thwards  largar  veluaa  of 
"P- 

with  inoeaslng  area  ratio  AH,  A  (%A,  incraiaaa  ra¬ 
pidly.  For  AH  -  2,  4,  8  and  13,  and  rafaranoa  Mach 
mmtera  around  ig>  ■  0.90,  it  asaunas  values,  for  ox- 
aapla,  of  about  d  FVL  •  9,  14,  20  and  24  dB.  It  nay 
ba  noted  that  this  Indicates  a  algnlficant  jat  no.tsa 
raductlon  potantlal  and  that  these  valuas  would  ba 
even  hli#iar  If  another  refaranoa  nozzla  would  hava 
bean  uead.  lor  tha  aqual  Mach  mmter  ratarenoa 
nozzla  describe  before,  for  exazpla,  oorraepending 
nolaa  raductiona  of  aven  appraxiiMtaiy  A  mL  •>  13, 

11,  32  and  23  dB  would  have  bean  pradictad. 
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Effect  of  area  ratio,  AR.  Fiqm  32  i«  a  graph  ahew- 
Ing  tha  aound  powar  rodjctlon,  A  IVL,  an)  the  eta- 
tic  thrust  ratio,  plotted  as  a  function  of  the 
area  ratio,  AR.  lha  results  oorrespand  to  the  par¬ 
ticular  case  -  0.90,  which  was  aeiactad  for  the 
ejector  expsrinanta. 

Ihu  effort  in  building  an)  integrating  practical 
ejector  systams  increaaas  irora  than  likely  with  AR. 
Iha  raaults  in  Figure  31  suggest  an  optimal  area 
ratio  around  AR  •  4  to  8.  Baaed  on  tha  previously 
dlaniseed  rusults,  (or  such  ejectors  sound  pewar 
reductions  tp  to  about  17  to  23  dB  appear  poasible 
making  the  ejector  aystem  to  a  rather  attractive  jet 
noise  oontrol  measure. 


Figure  33 1  Predicted  ejector  aound  powr  redaction, 
A  M,,  an)  static  thrust  ratio,  TR, 
vermM  area  ratio  AR  (H^  •  0.90) 


Thraa  equal  oonstant-erea  ahraud  sections  of  length 
ratio  L/D  •  10  were  available,  which  could  be  oon- 
nactsd,  so  that  tests  with  ahrouds  of  length  ratios 
L/D  *•  10,  20  and  30  oould  ba  perfanned.  The  inner 
surfacae  of  all  shroud  ssetions  were  equipped  with 
acoustic  linara.  Ihs  latter  consisted  of  a  double 
layer  of  honeyoemh  each  covered  with  a  resistive 
pemeable  wire  cloth  facing  and  was  designed  to 
rKhleve  a  reascrably  breadband  abaorptior.  By  put¬ 
ting  auitabla  thin  solid  aatal  channela  into  the 
shroud  aectiens  the  linera  could  be  made  ocnpletely 
ineperative.  With  this  also  testa  on  shrouds  with 
acoustically  hard  inner  surfaces  (testa  without  11- 
neie)  wars  possibla. 

For  testing  tha  different  aodel  ejectors  a  coaxial 
twD-stilling  chamber  sst-igi  was  used  with  the  pri¬ 
mary  nozfla  mounted  to  t)ie  imer  stilling  chamber 
and  tha  ajecter  shroud  attached  to  tha  outer  ora. 
Each  stilling  chamber  was  fed  by  a  seperata  duct 
systra,  which  further  iretzeam  ocDbined  to  oonnect 
tha  test  aet*4gp  via  a  singla  pips  with  tha  air  sup¬ 
ply  systan.  Ihls  peraittad  seperata  and  relatively 
easy  and  acscurata  meaaunsants  of  tha  mass  flew  ra- 
tas  lu  an)  eu.  In  addition  tha  total  mass  flow  rata 
iw  >  1^  ooula  ba  maaaurad  in  tha  aingla  duct  leading 
to  tha  air  Skgply  systra.  Sines  tha  ambient  teaper- 
atura,  T,,  of  tha  ejector  models  was  during  all  ex- 
perimants  nearly  equal  to  the  etilling  chamber  toR- 
peraturae,  T^p  ^  -  Tg,  actual  ejector  ocnditlon, 

ocerreependinq  to  entiainad  eencnrtary  sir  froa  tha 
aurrounllng,  could  be  readily  eiaiilated  with  this 
test  aet-4g>  by  adjusting  the  aacerdary  maas  flew 
rate,  m,,  sueh  that  Pq^  ■  p,.  In  additicn,  tha  test 
set-up  pnrnitad  variatina  in  m,  Indepandwitly  of  nw 
for  actional  inveetiqatione. 


Tha  sound  power  maasni'—ite  cn  the  different  model 
ejectors  wore  perfermad  in  the  came  reverberation 
chamber  as  uasd  fer  ths  linear  nozzle  array  tvsts 
rteerrited  in  Section  3.  During  tha  tests,  the  pces- 
aure  ratio  Pap^Pqa  was  kept  constant  an)  praoaljc- 
tsd  to  aarrei$ana  to  iC  *  0.90.  ths  varlabls  para- 
sstar  during  tha  taats'^ues  tha  mass  flow  ratio  k„ 
which  was  changed  in  such  a  way  to  included  cases 
with  Pb,  >  Pa,  Pos  “  Pa  “**  Pfes  <  Pa*  1’“  <!**■ 

Pba  >  Pa  cocraapen)  to  actual  ajactor  cxnditiora. 

Ths  Bound  power  levels,  M,,  of  ths  different  mo¬ 
dal  ojactora  as  dstsrminad  fren  ths  reverbaratlon 
chamber  maasursients  were  ocaperad  with  tha  oorres- 
pcndlng  levels  of  tha  aeiactad  ajactor  reference 
nozzle,  ml,  giving  tha  aaasiirart  ajactor  sound 
power  rodurtion 

m,  -  -  M,  [dB] 

as  dsfinad  in  tha  ejector  analysis.  The  values  of 
ml  vnre  oMainad  frea  ansi)  power  data  of  tha  tos- 
tscT  2-nozzls  array  with  %  •  0.90  an)  SR  *2.0,  an) 
tv  ooctecting  thass  data  according  to  tha  yO-Law 
with  regard  to  the  ejector  systsm  ocnditJrra  mea- 
Bured.  Tha  ceaulting  oortactiora  did  not  amoaod 
t  0.6  and  -  0.2  dS. 


6.3  Ejector  Hodal  Tests 

6.3.1  Raaiarks  cn  teat  aet-vzi  and  tnst  performance 

Tha  2-nozzla  array  used  for  Jie  modal  ajactors  had 
a  spacing  ratio  SR  «  S/D  -  : .0  (S  •  distanoa  bet¬ 
ween  nozzle  cantars,  D  >  diemntar  of  aingla  primary 
nozzle).  With  this,  each  prjwury  nozzle  was  equally 
cantered  in  ora  half  of  tha  inrar  shroud  cross- 
aoctlonai  area  an)  tl>e  arta  ratio  of  the  ejector 
models  was  AR  •  4.09 


In  Addition  sound  power  dmity  spectra  were 
ebtsined  for  tha  different  modal  ejectors  and  test 
points  ooraidered.  Since  the  oorrectlora  lumtioned 
above  tumaJ  out  to  be  ratier  tnall  they  could  be 
ccepared  directly  with  ootireeponding  apactra  of 
Oie  2-norzla  array  (or  •  0.90,  without  any  oor- 
raction. 

In  addition  to  tha  ejector  tests,  noise  msaeure- 
irsnts  on  only  ths  external  ejector  jet  ware  conduc¬ 
ted  to  identify  its  sound  power  and  sound  poMr 
density  spai-tnmi  (or  ths  purpeas  of  ajactor  data 
intarpretation.  TP  armbla  thaaa  tests,  tha  primary 


•jactor  nozzla  vom  raoovad  fro*  tha  imar  aeillln^ 
diaaftar  and  tha  oorreaponding  airflow  oontzol  volva 
waa  cloaad. 

6.3.3  TMit  data  for  aiactora  without  aoouatie  li- 


followB  fron  Figura  33  that  tha  ahort  a^ector, 

L/D  •>  10  ahoui  no  aound  powar  reduction  vac  daaa 
it  produca  any  aound  power  aiplification.  Tot  in- 
craasing  valuaa  of  t/D,  howevar,  this  noiaa  taduc* 
tion  significantly  incraaaas  and  aaeinea  a  lawtl  of 
about  S  da  for  L/D  •  20.  If  L/0  further  incraaaas, 
tha  increase  in  tha  noiaa  laductlun  is  laanar  lea¬ 
ding  to  a  value  of  about  7  da  for  L/D  ••  30. 

Also  shown  in  Pigura  33  ara  data  reported  by  Mid¬ 
dleton  (24]  for  ajactora  with  a  single  circular  pri- 
sary  jet  with  diaaatar  1\,.  lha  oorzaspcnding  data 
curtM  given  in  Figure  33  is  plotted  versus  tha 
length  ratio  L/D^  and  is  tha  naan  line  through  Mid¬ 
dleton's  results  with  tha  range  of  slatter  indica¬ 
ted.  Both  L/D  and  L/Dq  related  in  Figure  33  by 
L/D  -  {Ti^Dq,  based  on  tha  interpretaticn  that  for 
Biltiple  circular  nuzzles  Dg  la  the  exit  diasater 
of  an  araa-wiae  aquivalant  single  nozzle  ao  that 
for  tha  present  case  0^  -  /T  D. 

Ocnaidering  tha  two  data  seta  in  Flgura  33,  it  fol¬ 
lows  that  they  agree  very  well,  if  a  oceparisan  is 
Bade  on  tha  bases  of  only  tha  runber  at  their  rela¬ 
ted  length  ratio  rather  than  on  the  bases  of  abso¬ 
lute  lengths  values.  Ihis  suggest  that  for  lult^la 
noezlea  and  ejectors  without  acoustic  liners,  tha 
length  of  tha  shrouds  reguirod  for  a  certain  sound 
power  raducticn  reduces  significantly  by  the  factor 
1/  iW,  vhara  N  -  nusfaar  of  ii^vidual  nozzles.  Also, 
Figure  33  suggeats  that  for  optiztza  noise  attenua- 
tim  of  ajectors  without  acoustic  liners,  this 
length  ssy  be  about  20  to  30  tines  the  indlvidued 
nozzle  dianiater.  Iherefore,  using,  for  exaaple, 
linear  arrays  of  nixirq  circular  jets  instead  of  a 
single  circular  jet  could  significantly  reduce  this 
esquired  iength. 

Sound  power  spectra.  Ihe  sound  power  spectia  dKwn 
in  Figure  34  give~sCBa  explanations  of  the  sound 
powar  reduction  behavior  observed  and  dlsaased  be¬ 
fore,  aapecially  if  oespared  with  the  spectra  of 
their  related  unshroudad  reference  jet. 

As  can  be  seen,  tha  ejector  with  L/D  -  10  produces 
to  about  5  dB  less  noise  than  the  unshrouded 
priaary  nozzles  for  the  high  frequency  range  above 
approodiaately  4.0  kHz.  However,  at  neditn  and  low 
fraguBTcies,  between  about  0.50  to  4  kHz  and  below 
0.5  kHz,  respectively,  this  configuration  genera¬ 
tes  significantly  nore  noise  than  the  referraxs 
nozzle.  Both  of  these  noise  ooeponents  evidently 
cancel  ao  that  no  total  noies  reduction  or  anpli- 
fication  can  occur. 

If  tha  ejector  shroud  length  inezeaaea  to  L/D  •  20, 
a  significant  noise  reduction  takes  plaox,  prinarily 
in  the  aedium  frequency  range  and  tp  to  about  7  dB, 
ocapared  to  the  short  ejector  L/D  •  10.  In  addition 
tha  noiaa  in  the  low  and  high  fret^iency  ranges  redu¬ 
ces  soraswhat,  »y  by  about  3  dB.  As  a  result  this 
ejector  generates  a  sound  power  spectrua  which  in 
the  high  frequency  range  is  about  8  dB  less  intense 
than  that  of  the  unshreuded  refetenoe  nozzle.  In  the 
direction  of  lower  frequencies,  this  attenuation  de- 
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Figure  34:  Effect  of  ejector  length  ratio,  L/D, 
soand  power  spoctrus  (Mi  «  0.90,  no 
aooustic  liners)  ^ 
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Figure  35:  Measured  sound  power  spectrum  of  model 
ejector  in  oaiparison  with  spectrum  of 
external  eject^  jet  and  unshrouded 
rsferem  nozzle  (Hl  »  0.90,  L/D  »  30, 
no  aooustic  liners)*^ 


creases.  Between  about  1.0  kHz  and  0.40  kHz  this 
ejector  is  as  loud  as  tha  referenoe  nozzle  and  below 
0.40  kHz  evien  acnewhat  more  noiaa  is  generated. 

For  tha  long  ejector  L/D  -  30  a  furUier  sound  power 
reduction  of  about  2  dB  occurs  oenpared  to  the  ejec¬ 
tor  L/D  -  20.  Aooordljyg  to  Figure  34  tills  is  due  to 
a  occreepending  reduction  in  also  prinarlly  the  me- 
diia  frequency  range. 
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Bcadnatien  of  r— ult».  Aa  can  ba  aaan  in  Flqura  35, 
tha  apacCxuB  of  tha  axtamal  ajactor  jat  paaka  in 
tha  Iw  tnqumc/  ranga  f  <  0.50  kHz  and  haa  in  this 
rarga  apactral  danalt/  lovala  appaoptiaataly  equal  to 
thoaa  of  the  ajactcr  nodal  vdth  L/D  ••  30.  Uila  ex- 
plaina  the  high  oontant  of  low  frequency  noise  of 
the  ajactara  tasted,  and  augqasta  that  tha  noise  in 
the  lew  frequency  range  is  nainly  noise  generated 
extamally.  In  the  direction  of  higher  frequencies, 
both  tha  spectra  of  the 'ejector  IVO  -  30  and  of  the 
external  ejector  jat  deviate  naze  and  naze,  and  for 
fraiFianciaa  f  >  1.2  kHz  differ  by  about  10  to  17  dB, 
dapmlizq  on  the  frequency.  Henoa,  for  frequencies 
above  0.5  kHz  the  noise  of  the  ooneidered  ejector  is 
evidently  governed  by  the  internal  ejector  noise, 
particularly  for  f  >  1.2  kHz,  which  propagates 
through  tha  ejector  shroud  and  radiates  at  its  end 
into  the  surrounding  atmosphere.  Hie  high  frequency 
oontant  of  this  noise  strongly  suggests  tha  use  of 
acouatically  lined  shrouda,  thich  should  be  rather 
effactive  in  this  range  of  frequencies.  Baaed  on  tha 
test  data  and  theoretical  results,  tha  potential  of 
furthn:  sound  power  reduction  of  such  liners  may  be 
astiaatad  to  be  about  7  dB  for  this  ejector. 


to  » 


LeeX  ntes.  UD  and  L/Dq 


Thm  apactzui  of  the  nadlua  long  ajactcr,  L/D  •>  20, 
was  found  before  to  ba  very  ainilarly  to  tl.it  of  the 
long  ejector,  L/D  -  30,  oonsldered  above.  Hie  slight¬ 
ly  Bare  intense  noise  of  this  ejector  In  the  medium 
frequency  range  is  possibly  dua  to  norunitarmities 
in  the  eiduust  velocity  profile  of  this  oenfigura- 
tion  and/or  oue  to  a  possible  inocmplats  mixing  prxj- 
oeee  in  the  ajactor  shroud.  Because  of  tha  latter, 
intanea  turbulence  could  be  present  at  the  down- 
sUreaa  and  of  tha  shroud,  radiating  additional  noise 
inbo  the  free  ataesphara. 


Fbr  the  ahort  ajactor  systea,  L/D  ••  10,  tha  inccer- 
plaba  mixing  appears  to  ba  the  main  reason  for  tha 
intanss  itediiai  frequsney  noise  radiation.  Hiis  is 
psetsd,  since  the  peak  frequency  of  tha  aound  power 
epaetzuB  of  this  ocnflguratlon  is  of  the  ordsr  of 
that  of  the  unshroudad  ejector  reference  nozzle. 
HoweMT,  also  ncnuniformitles  in  the  exit  velocity 
profile,  whidi  may  ba  present  for  this  oonflquza- 
tlon,  could  oontrlbuta  to  the  coiTiBiatlvely  intense 
noise  levels  of  this  ajactor  systn. 

6.3.3  Raeulta  of  ejectora  vrith  acoustic  liners 

His  results  of  the  tests  on  the  different  ejectors 
with  aocustlcally  lined  shrouds  selected  for  this 
pepers  are  ahown  in  Figures  36  and  37.  Hiey  oorres- 
pc^  to  tha  data  prerxintoi  previously  for  the  ejec¬ 
tors  without  liners.  Similar  aa  before,  all  data 
cccrespnnl  nearly  to  actual  ejecter  ooRliticns,  as 
ths  stilling  chamber  and  atmospheric  pi'iwiein'e  were 
approximately  equal  for  these  testa,  p^  -  pg^. 

Sound  power  reduction  versus  length  ratio,  L/Px 
acoustically  lined  electors.  As  can  be  earn  in  Fi- 
gure  36,  the  effect  of  tha  acoustic  liner  for  the 
ejector  with  L/0  >  10  is  ocnparatively  snail  and 
increases  tha  sound  power  reduction  of  this  ejector 
only  from  about  zero  to  approDumataly  1  dB.  Howards 
larger  lai^th  ratios,  L/D,  however,  tha  increase 
of  the  sound  power  reduction  due  to  the  liners  im¬ 
proves  and  assunes  for  tha  ejectors  with  L/D  >  20 
and  30  values  of  about  2  and  5  dB,  respectively. 

With  this,  these  ejectors  have  correspondingly  total 
sound  power  reductions  of  about  7  ^ and  12  dB. 


Figure  36:  Haasurad  ejector  sound  power  reduction, 
NL,  with  and  without  acoustic 
liners  versus  ejector  length  ratios, 
L/D  and  L/Dia  >  0.90) 


Figure  37:  Effect  of  ejector  length  ratio,  L/D,  on 
sound  power  spectrum  (tC  -  0.90,  with 
acoustic  linen) 


cribed  before,  the  eaaaured  noise  reduction  would  be 
even  about  15  dB,  lAiila  the  ocrreepondingly  predic¬ 
ted  reduction  would  be  about  17  dB. 

Hiesa  data  also  indicata  that  the  aelectad  noise 
attenuating  linen  perfomad  evidently  very  good  for 
the  ejector  L/D  -  30.  Only  a  limited  further  noise 
reduction  of  about  2  dB  can  ba  poesibly  achieved  for 
this  ejecter  tv  improving  the  linen  and/or  the  cor¬ 
responding  shroud  design.  In  addition  this  result 
cenfinis,  that  t.hs  noiM  of  the  unllned  ejector  with 
L/D  •  30  is  as  expected  strongly  dominated  by  inter¬ 
nal  ejector  noise,  Mulch  in  tha  present  test  could 
be  significantly  afasorbed  by  ths  shroud  liner  treat¬ 
ment. 

For  the  ejector  L/D  -  20  t)ie  nlatively  snail  effect 
of  the  acoustic  linen  on  the  sound  power  reduction 
suggests  that  the  nouie^of  this  ejectxx-  is  ncre  than 
for  the  ajactcr  with  L/D  ^  30  dua  to  the  extanal 
ejector  jet.  In  addition,  it  also  could  be  pcsslble 
that  for  this  ejector  t>ie  selected  linen  were  not 
optimal.  Hms,  using  inpro’/ed  linen  or  siiply  in¬ 
stalling  man  linen  into  the  ocz responding  ejector 
oould  possibly  produce  a  further  noise  reduc- 
thls  ejector.  / 


Hie  large  sound  power  reduction  of  about  12  dB  of 
tha  lined  ejector  with  L/D  30  is  very  proaisinq 
and  ocmes  very  close  to  the  noise  reduction  o^i 
14  dB  predicted  for  this  ejector  for  Ki  >  0.9.  For 
selected  equal  Mach  nunPer  nference  nozzle  aa  des¬ 


\ 
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For  tha  ajactcr  with  L/D  -  10,  the  total  noise  Is 
about  aqu^  to  that! of  the  ocErespondlng  unlined 
wursion.  This  is  more  than  likely  dua  to  tha  evi¬ 
dently  stionq  external  noise  genmticn  of  this 
ejector  oonfiquraticn,  but  possibly  also  for  this 
ajactor  an  bqpcoved  noise  raductioi  ni^it  result 
if  other  or  nore  linera  would  be  used. 


Sound  power  gpectxa  of  aaoustieallv  lined  ejectore. 
Iha  cbffeienoM  in  tha  sound  power  spectra  of  tha 
ejectors  with  aocustically  lined  shrouds  shown  in 
Figure  37  are  a  rsault  of  two  effects,  the  effect 
of  tha  acoustic  liners  and  the  effect  of  tha  asao* 
ciatad  different  shroud  length  ratios,  L/0. 

Ctt^ariscn  of  tha  spectn  of  tha  acoustically  lined 
ejectors  of  Figure  37  with  those  given  in  Figure  34 
for  tha  ejectors  without  acoustic  liners  shows,  for 
axagpla,  that  tha  aelactsd  acouatie  linars  effect 
tha  spaetiuB  for  tha  ejector  with  L/0  -  10  only  very 
little.  Ftectically,  tha  apactra  of  these  ejectore 
with  and  without  acoustic  linera  are  equal,  in  spite 
of  a  aiall  noticeebla  noise  reduction  of  about  l  to 
2  d8  above  16  kHz.  Fat  tha  ejectors  tdth  L/0  *■  20 
this  ocaparison  yicldi  noise  reductians  dua  to  tha 
llnara  starting  at  a  frequency  of  about  1.6  kHz.  It}- 
werda  hlqfMr  frequanclas  the  noiaa  reduction  ccn- 
tincuBly  imanaaea  until  reaching  a  oonetant  value 
of  approdmately  10  ds  for  f  >  20  kHz.  The  largest 
effect  of  the  aooustic  lir^ra  csn  be  eeen  by  this 
aoepariaon  for  the  long  ejector  with  L/0  •  30.  the 
oarraaponding  noise  reduction  starte  at  about 
f  ••  1.0  kHz  and  rapidly  increasa  towarde  higher  fre- 
quvBlae.  Far  frequencies  f  >  2.S  kHz  the  noiaa  re¬ 
duction  is  about  oonetant  and  has  a  '/alua  of  about 
10  dB. 

‘Om  diffatencaa  in  tha  spectra  of  Figure  37  for  tha 
ajactora  with  L/D  ■  10  and  20  art,  therafora,  above 
appcpDciaataly  4  kHz  prizerily  dua  to  tha  aalacbad 
anouatic  llnara,  while  tha  noiaa  reduction  below 
this  ftequMicy  is  evldantly  aalnly  due  to  trapping 
Bora  of  the  turbulent  alxing  of  tha  priaery  and  se¬ 
condary  jet  into  tha  shrcui  by  incrsMinq  its 
length.  Slailarily,  the  differences  in  tha  apactra 
for  the  ajactors  with  L/D  20  and  30  are  atom 
about  1.6  kHz  prinarily  due  to  tha  linars  and  balcw 
this  fraquancy  a  result  of  tha  different  ahroud 
length. 

Tha  apactrviB  in  Figure  37  of  tha  long  ejector  with 
L/D  -  30  appraschae  very  cloeely  tha  apactrui  of  the 
extamel  ejector  jet.  Between  f  -  2.0  kHz  and  10  kHz 
tha  oorraaponding  spectral  density  la\Mls  differ  by 
only  apprtaciantaly  2.0  dB.  This  ahowe  again  that  the 
aelactsd  liners  workad  for  this  ajactcr  evldantly 
rather  wll,  so  that  as  riteniaaerl  bafora  noiaa  rr* 
ductlons  close  to  tha  predicted  ones  could  be 
tainad. 


7.  POBBiHtz  wnpaoTcw  or  wtsb  (nniq. 

MmamB  iwro  oacw  adowt 

7.1  OenTel  Htlea 


Tha  different  noise  control  aaeauree  investigated 
and  rteecribert  before  nay  be  Intagrctad  into  both 
aadsting  and  ourrantly  developed  ocabat  aircraft 
aa  wall  as  oartainly  into  oorreapoRllng  future 
aircraft  daalgna. 

For  axisting  and  currently  deutloped  aircreft, 
add'on  noiaa  control  radu^en  kits  oould  be  da- 
slgnad  baaed  on  theaa  Bsaaues,  ^tleh  aay  be  au»' 
aarizad  as  follows 


•  add-on  ajactor  systcBS  trith  acnuatl- 
cally  linad  shrouds 

•  application  of  eultipla  nozzlas  and 
^irlal  shape  aixing  nozzlas 

•  uaa  of  optiaui  velocity  profila  jets 
including  invertad  profila  jets 

•  izplmentaticn  of  wpecial  acoustic 
absorfaars  for  effecUve  rncustic 
linars 

•  application  of  jet  noiaa  ahialding 


Oartainly,  theaa  nsaaures  can  ba  also  cmbinad  and 
in  oartain  casaa  as,  for  axanpla,  for  ajactcr  ays- 
taoB  should  bo  ocebinad.  Also,  for  aacdi  poasibla 
appHnattoh  a  careful  salaction  of  tha  aaaauras  to 
ba  used  heads  tc  ba  aada.  Tha  latter,  in  any  case, 
mat  include  detailed  traida  off  studies,  oonaida- 
ring  noiaa,  flight  parfonaanoa  and  apaclal  opera¬ 
tional  requirenants,  for  overall  perforeanoa  pe¬ 
nalty  ajnial  ration. 

Tha  dawlcpaent  of  aucdi  add-on  noiaa  reduction 
kits  can  at  present  fcrtunataly  be  baaed  on  a 
rathar  MctanBive  and  advanced  technical  basis  bcm 
cut  of  now  naorly  four  dacndaa  jat  aimaft  noise 
control  research.  Hence,  tha  develcpaant  of  theaa 
noiaa  raduction  devioas  ocsvaring  practical  design 
and  noiaa  cxxitrol  work  cxuld  start  ooperatlvaly 
aoon. 

Based  on  available  raaulta,  tha  application  of  auch 
noiaa  ocntzol  raduction  kits  aay  ba  axpactad  to 
rasult  into  noiaa  raductiona  values  of  about,  aay 
6  to  10  (S,  perhaps  also  aoasMhat  aora.  Tha  lattar 
oartainly  dapands  strongly  cn  tha  applicable  and 
salactad  noiaa  rackicticn  Baaauras  and  thair  dagree 
of  intagratlcn  into  tha  aalactad  airoraft,  which  is 
iapcrtant  for  noiaa  ooitrol  cgitiBization.  It  say 
be  noted  that  noiaa  reductions  of  this  order  are 
ocaparatlvaly  hi^  as,  for  axaapla,  10  dB  ocrraa 
ponds  in  gansral  alraa^  to  a  rackctlcn  of  tha 
noise  nuiaanca  iy  a  factor  of  two.  ‘aurafcra, 
using  this  appro^  and  adding,  for  axeapls,  af¬ 
fective  noise  control  operational  naaaures  aay  re¬ 
sult  into  a  rathar  intaraatingly  hl;^  overall 
noiaa  relief  for  the  public. 

For  future  aircraft  dasi^ia  tha  aee*  noiaa  reduc¬ 
tion  BBthoda  aa  suaearizad  bafora  aay  ba  applied, 
nsww,  if  for  theaa  aircraft  a  aora  noiaa  oor^ 
trolling  intagratlcn  of  thaaa  aathods  cxaparad  to 
that  for  existing  and  cucrently  davalopad  aircraft 
la  not  poasibla,  not  very  zucfi  higfiar  noiaa  raduc- 
ticn  valuaa  than  thaaa  aantionad  bafora  aay  ba  ax¬ 
pactad.  Farhaps  if  acnswhat  nora  care  is  taken  for 
integrating  thaaa  saasuraa,  noiaa  rafiuctiona  of  • 
to  12  dB  aay  ba  ofatalnad. 

rtr  cMainlng  additicnal  and  substantial  noiaa  re- 
idictiana  for  future  oceibat  aircreft  of  values  sisl- 
lar  to  those  aatabllahad  for  civil  txafpcrt  air¬ 
craft  mme  tha  past  three  to  four  dacadaa,  aay 
20  A  or  aora,  an, effective  lowering  of  the  jat 
engine  axhauat  velocity  aaaea  to  ba  aandatory  aa 
amtlorad  already  bafora.  At  present,  using  axis- 
ting  mgina  cxnfiguretiens,  this  is  fortisiatsly 
poasibls,  ivt  only  effective  ajector  flow  ays- 
tme.  As  bent  cut  ky  tha  study  results  praasntsd 
bafors,  tha  aiza  of  the  ajocTor  ahtcud  say  ba  of 
tha  cedar  of  that  of  tha  jet'mgina  and  tha  ajactor 
Bxaild  ba  oarefully  intagretad  iitczvjiHi  ovarall 
aircraft  design  for  obtaining  eptisu^  nojm  radue* 
tions  by  ainlwai  flight  parfetaanos  loaaaih-'liam. 


lha  detailed  lnvesti<^tlon  on  special  acoustic  at>- 
soctaers  desczllsd  In  Section  S  shouad  rather  pr^ 
■isln^  results,  so  that  also  preliminary  desl<^ 
for  Its  practical  applications  Mie  carried  out. 
Figure  41  shown  as  an  exaaple,  a  design  applica¬ 
tion  of  these  special  acoustic  absortars  ocnblned 
with  conventional  abeorbers  for  the  Alpha  Jet  par¬ 
tially  taken  fm  References  (22,  27].  As  can  be 


inlet  acoustic  liner 


Figure  41:  Alpha  Jet  with  possible  intention  of 
apeoial  acoueclc  absorbers  within  engine 
inlet  duct 


eesn,  the  special  accustic  abeorbers  were  planned 
to  be  used  for  both  the  inlet  dumnal  of  the 
engine  as  well  as  for  tlva  ivpaaa  ergine  exhaust 
noxzlas  for  optlaun  noise  reduction.  In  order  to 
realize  Intagrations  like  this  for  practical  appli¬ 
cation,  a  la^  number  of  ragulreaanta  have  to  be 
conalderad  and  their  fulfllaant  has  to  be  proven 
in  addition  to  the  noise  reduction  capability, 
a.g.  load  carrying  properties,  bird  iapact  rasie- 
tanoa,  oorrosian,  drainage,  raparability  and  others. 

Ejector  systane  in  oonjuncticn  with  special  mixing 
nozzles  also  have  bean  plamad  or  even  used  already 
in  aircraft  applicationa  and/cr  fli^t  testa.  One 
exsaple  is  the  ejector  cngina/necalla  project  for 
the  Oomiar  Do  31  mentioned  before  and  ahcwi  in 
Figure  40.  Othar  cxanplee  are  the  wall  known  ejec¬ 
tor  systan  used  for  the  DC  8  aircraft  whlcdi  Ma 
acaeazcially  applied  [28]  as  wall  as  interesting 
ejector  eystene  used  in  flight  testa  fitted  to  a 
RR  Viper  angina  on  an  HS-12S  executive  jet  (29, 

30],  In  east  of  the  previoua  axaaplaa,  however, 
the  ajactors  were  designed  as  add-on  davloas  and 
thus  where  oonparatively  snail  so  that  it  appears 
thst  not  ths  full  potential  of  these  syeteea  could 
be  realized. 


For  future  coeibat  aircraft  based  on  existing  en¬ 
gine  tacdvDlogy,  at  pi-eeent  the  uaa  of  folly  inte¬ 
grated  ejector  eystene  saons  to  be  the  only  poaei- 
blllty  to  arrive  at  substantial  noise  reductions 
of  the  order  of  20  dB  or  mare  as  deerrltri  before. 
In  such  applicationa  the  ejector  systoi  umt  be  a- 
ooMtically  optimized  in  gaceatry,  and  ec^pped 
with  affective  special  lultipla  mixing  nozzle  de¬ 
signs  and  advanced  special  absorbere.  Also,  tha 
angina  should  be  acoustically  aptimi'*sd.  In  addi- 
tiai,  osrtainly,  ths  ejector  systaa  oust  be  de- 


si^iad  and  integrated  in  such  a  nonner  that  un- 
acoaptabla  flight  perfomance  Inenae  can  be  avoi¬ 
ded. 

Figure  42  ahows  an  Idea  of  a  oonoept  for  a  fighter/ 
tianher  aircraft  with  advanced  low-noiaa  ejector 
systaa  integration  for  obtaining  tha  eutaetantial 
noise  reductions  mentioned  above.  In  this  parti¬ 
cular  aooaple  the  ejector  is  ihstalled  in  tha  rear 
part  of  the  aircraft  and  a  linear  nozzle  array  is 
uaad  aurreundad  by  a  rectangular  shroud. 

It  Bay  be  noted  that  for  the  type  of  ejector  shown 
in  Figure  42  tha  upper  and  lower  shroud  parts  could 
be  designnrl  to  consist  of  3  to  4  or  more  adjustable 
sactions.  With  this,  for  exaspie,  for  supersonic 
flight  the  shioud  might  be  efumgad  into  a  oonver- 
gant/dlvargant  nozzle  for  improving  overall  thrust 
parforsance.  In  addition,  the  end  of  tha  ahrouds 
oould  be  equipped  with  jet  flaps  for  thrust  vec¬ 
toring. 

Since  tha  exhaust  tenperature  at  tha  shroud  end 
would  be  relatively  low,  tha  jet  flaps  could  be 
realized  oceparatively  easy  and  mads  of  oospesita 
eatarlal.  Bacauaa  of  the  entrained  asoondary  air¬ 
flow,  also  the  entire  shroud  would  be  relatively 
low  teeperature  loaded,  mue,  also  these  parts 
mi^it  be  designed  as  low  weight  structural  faaead 
on  these  advanced  eatarlal. 

Hove,  theta  are  sufficient  infemation  end  an  ad¬ 
vanced  tedvulogy  basis  available  for  lowerirg  com¬ 
bat  aircraft  engine  noise  by  rather  interesting 
and  even  substantial  noise  reduction  values. 
Applying  this,  by  giving  tha  noise  onntrol  of 
thoa  aircraft  equal  inportanca  and  priority  as 
othar  critical  aircraft  aspects,  gay  etrongiy  help 
reaolvLng  tha  related  noise  problsa. 
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Figure  42:  Idee  of  oonoept  of  ficFiiot/bcxibar  Icxa- 
nolae  ejector  systaa  Integration 
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Iha  atudla*  cn  llnaar  arraya  of  mixiztj  circular 
j«ta  and  ajactor  flow  ayatana  raportad  SocClcna 
2  and  6  wora  parfacaad  at  tita  Uhlveraity  of  Iten* 
naaaaa  Spaoa  Instltuta,  TUllabana,  Tnmaaraa,  and 
wara  ai^sportad  by  tbe  Federal  Aviation  Administra¬ 
tion,  U.S.  DeparCnant  of  Traneportion,  Washington 
D.C.,  under  attract  DOT-FA  72  tA-3053.  The  invea- 
tigatlon  on  invartad  profile  jets  raiarTihnrt  in  Sec¬ 
tion  3  was  carried  out  at  tha  Aachen  univarsity  of 
lachnology,  Aachen,  Gazaeny,  and  was  aippocted  by 
tha  iBiivacsity  InsUtuta  of  Aerospace  Engineering. 
Tha  ranaining  studies  on  special  shape  mixing  nozz¬ 
les,  onwxial  bypass  jets  and  sparial  acoustic  ah- 
aorbars  Freeented  in  Sections  4  and  S  were  conduc¬ 
ted  at  Domiar  luftfahrt  QeUI,  Friedricdishafen, 
Gataany,  and  tnra  aupporCad  by  tha  Fedsral  Ministry 
of  Defenaa,  Garaany,  under  various  i,'niim'i  h  and 
davalotaant  oontracta. 

The  authors  appcaciata  of  having  had  tha  opportu¬ 
nity  of  oonducting  and/or  participating  in  theaa 
stupas.  Spnrini  thanlca  go  to  all  tha  parsons  gui¬ 
ding  or  cooperating  in  tha  raaaaiT-h  works  for  vary 
helpful  discussions,  suggaetiona  and  aaaistsnoa, 
whl^  axtanda  to  both  tha  aantlonad  isuvaraitlas 
and  Domiar  aw  wall  as  tha  aantionad  aipporting 
aikinlstratlon  and  ainistry. 
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Discussion 


QUESTION  BT:  L.U.  Illaton,  BAe,  UK 

Although  some  actenuaclonc  at  low  angles  Co  the  jet  axis 
haven  been  encouraging  statically  for  multi  lobed  nozzles  and 
inverted  velocity  profile  nozzles,  the  attanuations  measured 
in  flight  have  been  considerably  reduced.  It  is  therefore 
very  important  to  evaluate  such  devices  with  forward  speed 
effects.  Have  you  evaluated  in  flight-noise  reductions? 

The  multi  lobed  nozzle  plus  ejector  has  good  potential  for 
in-flight  noise  reduction,  but  it  also  introduces  weight  and 
performance  penalties,  and  these  must  be  included  in  any 
evaluation. 

AUTHOR'S  RESPONSE: 

The  comments  were  agreed.  It  is  important  to  consider  flight 
effects.  However,  weight  and  performance  penalties  depend  on 
the  ejector  design.  In  future  fully  Integrated  designs  these 
penalties  can  be  minimized  if  not  avoided.  In  addition,  it 
must  be  noted  that,  depending  on  Che  design,  even  performance 
improvements  could  be  achieved. 

QUESTION  BY:  H.J.  Lichtfuss,  MTU,  Germany 

You  have  shown  a  noise  reduction  due  to  ejectors  which  shows 
an  effect  only  if  you  have  a  length  of  Che  ejector  of 
L/O  >  10.  If  this  is  used  for  Che  ejector  concepts  of  the 
last  two  papers  Chen  there  can  be  no  effect  at  all. 

AUTHOR'S  RESPONSE; 

Please  recall,  that  the  data,  which  were  shown,  correspond  to 
sound  power  reduction  values  and  are  therefore  conservative. 
Due  to  channeling  and  directivity  effects  of  Che  internal 
ejector  noise  larger  noise 
ejectors,  may  be  possible. 

In  addition,  Mr.  TanskOtter, 
papers  made  use  of  mixing 
ejectors  with  shorter  length. 


reductions,  also  for  shorter 

lABG,  noted  that  Che  previous 
nozzles  leading  to  effective 
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Aetlva  nolta  control,  a  aathod  of 
cancalling  noiaa  by  aaana  of  inttrfaranca 
with  a  aacondacy  anti-noiaa  aourca,  is  now 
In  full  davalopaant.  Tha  flrtt  coaaarcial 
application  of  thla  tachniqua  la  In  tha 
caaa  of  aetlva  alactronlcally  controllad 
haad  aata.  Tha  naat  atap  will  ba  tha 
aetlva  noiaa  cancallation  In  alt  ducta  and 
in  paaaangar  cablna.  Tha  ata  of  thla  papar 
la  to  aaaaaa  tha  poaalbllitlaa  of  tha 
antl-nolaa  tachniqua  for  raduclng  propal- 
lar  noiaa.  rlrat,  by  a  aathaaatical  ainu- 
latlon  tha  thaoratical  noiaa  taduetlon  on 
tha  ground  waa  calculatad  and  found  to  ba 
proalaing  for  furthar  invaatigatlona.  In 
tha  caaa  of  tha  pariodlc  angina  and  pro- 
pallar  noiaa,  for  axaapla,  with  only  a 
alngla  antl-nolaa  aourca  tha  noiaa  foot 
prlnta  of  tha  lowar  propallar  hataonlea 
can  ba  raducad  by  up  to  10  dS.  In  labora¬ 
tory  taata  tha  thaoratical  valuaa  will  ba 
eonflrnad  axparlaiantally.  for  cancallation 
of  tha  pariodlc  noiaa  one  can  uaa  aynchro- 
noua  antl-nolaa  ganaratora.  Coaparad  with 
tha  angina  and  propallar  noiaa  tha  raduc- 
tion  of  jat  noiaa  by  tha  antl-nolaa  tach¬ 
niqua  ia  auch  aora  difficult.  Tharafora  a 
aanaor  and  controlling  unita  ara  nacaaaary 
bacauaa  of  tha  atochaatic  natura  of  jat 
noiaa.  Slnca  aircraft  noiaa  ia  a  aavara 
problaa  all  aathoda  ara  to  ba  conaidarad. 


LIST  or  STHBOtB 

e  aound  valoclty 

H  altituda 

j  Baaaal  function 

k  k  •  w/e  wava  nuabar 

L  noiaa  laval 

■  nuabar  of  propallar  bladaa 

Ha  nach  nuabar 

n  nuab>'r  of  propallar  haraonlca 

N  aounc  powar  output 

p  aound  praaaura 

0  aourca  atrangth 

R  affactiva  radiua  of  tha  propallar 

a  diatanea 

t  tlaa 

V  particla  valocity 

a  cona  angla 

X  wava-lahgth 

u  angular  fraquancy  of  tha  propallar 

t  valocity  potential 

T  angla 

a  danaity  (radiua  of  curvature  3.2) 

t  tangent  angle 

x,y  cartaaian  coordinataa 

a,B,r  apharical  coordinataa 


1.  IHTBODOCTIOW 
1.1  Situation 

Aircraft  noiaa  ia  a  aubatantial  anvlron- 
aantal  problaa.  Tha  Increaaing  nuabar  of 
protaata  agalnat  aircraft  noiaa  alao  baaa 
on  tha  Idaa  that  tha  noiaa  problaa  la  not 
inevitable,  but  aolvabla  by  lawa  and  tech¬ 
nical  aathoda.  Concarning  tha  laglalatura 
tha  radaral  Republic  of  Garaany  la  vary 
advanced.  Already  aince  1971  there  ia  a 
‘taw  for  Rrotection  froa  Aircraft  Noiaa' 
ID.  Baaed  on  tha  'Aircraft  Noiaa  Report’ 
(Report  10/S029)  (2)  tha  10  civil  and  30 
ailltary  airport  aanagaaanta  had  to  pay 
noiaa  coapanaatlona  of  755  Billion  DH  up 
to  1985.  A  bill  froa  fab.  26.1988  (Report 
of  tha  Bundaarat  545/87)  |3)  intended  to 
further  Intanaify  tha  'Law  for  Protacion 
froa  Aircraft  Noiaa'.  Concerning  tha 
juriadlctlon,  that''  ia  tha  Enaa-baalc 
ruling,  where  tha  radaral  aupraaa  court  in 
a  final  juriadlctlon  ruled  that  'noiaa 
pollution  ia  equivalent  axproprlatlon’ 
(4). 

Thoaa  lawa  relate  to  tha  noiaa  iaalaaion. 
Since  tha  eaaantial  point  for  anvironaan- 
tal  protacticn  ia  tha  reduction  of  noiaa 
taiaaioi.  there  are  alao  Ivgal  noiaa  liai- 
tationa  for  aircraft.  Tha  aaxiauB  adaia- 
aibla  noiaa  lavala  for  civil  jat  aero- 
planaa  ata  dvtarainad  in  the  'ICAO  - 
International  Standard^  i  Racoaaandad 
Rractlcaa,  Annex  16'.  For  propallar  air- 
planaa  there  ara  national  ragulationa 
which  for  axaapla  in  the  FRG  ware  Intanai- 
flad  by  about  4  dB(A)  I  5  ). 

Nhat  ia  tha  technical  potential  to  reduce 
aircraft  noiaa?  Tha  beat  are  priuary 
aathoda  to  avoid  noiaa  directly  at  tha 
aourca.  For  jat  anginea  tha  noiaa  aniaalon 
incraaaaa  by  tha  powar  of  eight  of  the  jet 
atraaa  valocity.  By  increaaing  tha  by- 
paaa-ratio  tha  jet-av*aaa  valocity  and 
tharafora  tha  nciaa  aaiaaion  can  ba 
dacraaaad  a.ainantly  for  tha  aaaa  thruat 
laval.  At  a  by-paaa-ratio  of  4  tha  noise 
of  tha  Airbus  ia  about  .10  d8  (A)  lowar 
than  tha  jat  anglnaa  at  tha  beginning  of 
tha  jet  age.  (30  dB  ata  equivalent  to  a 
powar  reduction  of  1000  to  I<)  But  thla 
aathod  ia  nearly  axhauatad  tee  civil  alr- 
planaa.  For  propallar  enginaa  the  relation 
between  thruat  and  noiaa  production  is 
atrongar.  Tha  propeller  thruat  radiatea 
like  an  acoustical  dipole.  A  furthar  prob¬ 
laa  of  tha  propallar  noiaa  is  its  pulse 
and  tone  contents  which  results  for  tha 
aaaa  aound  laval  in  a  1C  dB  higher  annoy¬ 
ance. 


/ 


At  pcixnt  the  potantlal  of  noli*  raduc- 
tion  by  controllad  interfaranca  cancalla- 
tion  is  recognizad  but  not  usad  bayond 
tast  applications.  Though  anti-sound  aath- 
ods  aca  no  longer  considered  outsiders  and 
are  expected  to  ba  successful  in  one  di- 
■ansional  ducts  and  in  car  interior  noise 
reduction.  Concerning  the  reduction  of 
aircraft  noise  there  still  is  reluctance 
regarding  techniques  and  econoay.  E.g.: 
Within  the  Euronart-prograsi  (initiated  by 
the  EC)  it  was  proposed  to  perfora  a  fea¬ 
sibility  study  for  rotor  noise  cancella¬ 
tion  which  was  given  lower  priority  and 
was  therefore  not  included  in  the  program 
(6). 


1,2  State  of  the  art  (anti-sound) 

Xn  1933  the  Berlin  physicist  Paul  Luag 
suggested  to  superpose  on  a  noise  field 
an  antiphasad  sound-field  for  obtaining  an 
interference  cancellation  (7|.  His  patent¬ 
ed  'Cancellation  Systaa'  aade  of  aicro- 
phons,  controller  and  spealier  still  is  the 
basis  for  aodern  systems.  Hir  suggestion 
fall  into  oblivion  and  20  years  later  tnis 
aathod  was  invented  again.  O'.son  (8|  even 
aade  experiments  with  it.  Despite  the 
efforts  for  the  electronic  system  the 
achieved  reduction  rates  were  technically 
not  interesting  and  so  the  work  was  not 
pursued  further.  After  a  break  of  nearly 
20  years  Jassel  (9)  and  Bschorr  (10  -  14) 
took  up  the  idea.  Among  the  latter  refer¬ 
ences  are  two  patents  for  sectorial  and 
omnidirectional  rotor  noise  cancellation. 

At  that  time  the  concerns  regarding  eco¬ 
nomy  and  technical  practicability  of  the 
anti-sound  method  were  justified.  But  it 
was  dismaying  that  there  were  fundamental 
doubts  against  the  physical  principle,  es¬ 
pecially  regarding  the  energy  balance.  The 
few  publications  up  to  1980  show  that  this 
method,  while  not  not  forgotten,  was  still 
of  low  Interest.  Only  when  micro-electron¬ 
ics  were  developed  and  aade  rapid  progress 
did  this  have  positive  effects  on  the  con¬ 
cept  of  anti-sound.  One  mile-stone  was  the 
'Inter  Noise  Congress  198S'  (IS)  with  a 
continuous  session  'Active  noise  cancella¬ 
tion'  and  a  total  of  20  reports.  According 
to  the  bibliography  of  Guicking  (18)  the 
number  of  publications  about  'anti-sound' 
increases  exponentially. 

The  first  commercial  anti-sound  products 
are  active,  electronically  controlled  ear- 
muffs.  Technically  that's  the  most  promis¬ 
ing  case.  There  is  a  null  dimensional  vol¬ 
ume,  because  the  length  of  the  cancelled 
wave  is  large  compared  to  the  volume  of 
the  eat.  Concerning  the  power  output  the 
conventional  headsets  are  sufficient  ac¬ 
tuators.  In  addition,  the  passive  noise 
Isolation  of  the  ear  muffs  decreases  the 
problem  of  the  acoustic  feedback.  The  next 
more  complicated  cate  it  noise  cancella¬ 
tion  in  one-dimensional  ducts,  e.g.  venti¬ 
lation  shafts  and  ai rcondi tioning  systems. 
Nearly  all  car  manufacturers  work  on  con¬ 
trolled  Interference  cancellation  inside 
vehicles.  Concerning  the  cancellation  of 
the  periodic  part  of  the  noise,  there  it 
the  possibility  of  triggering  the  control 
system  synchronous  with  the  engine. 


All  mentioned  cases  are  for  interior 
noise.  The  main  problem  is  the  exterior 
noise  caused  by  aircraft  and  traffic.  Hera 
a  three-dimansional  noise  cancellation  is 
required.  Since  exhaust  noise  it  a  point¬ 
like  noise  source,  one  can  obtain  a  three- 
dimensional  cancellation  by  pointlike 
nearby  anti-sound  sources.  Using  conven¬ 
tional  speakers  Chaplin  et  al  (17)  achiev¬ 
ed  a  total  reduction  of  2  dB(A).  Kallergis 
(18)  suggested  a  very  elegant  method  for 
reducing  propeller  noise:  He  uses  the  ex¬ 
haust  noise  of  the  engine  as  an  anti-sound 
source  for  cancelling  the  propeller  noise. 
So  he  could  demonstrate  a  3  -  4  dB  noise 
reduction  in  flight  with  a  wing-tip  in¬ 
stalled  microphone.  Kallergis  expects  a 
further  possible  noise  reduction. 


1.3  Task 

in  terms  of  air  traffic  and  noise  level 
the  jet  engines  are  the  dominant  noise 
sources.  Compared  to  that  propeller  air¬ 
craft  are  not  so  relevant.  Anti-noise 
systems  for  jet  engines  are  very  compli¬ 
cated  and  still  out  of  discussion,  com¬ 
pared  to  that  active  propeller  noise 
control  is  probably  more  successful:  In¬ 
terference  cancellation  of  the  periodic 
rotor  noise  requires  only  a  synchronised 
repetition  of  the  anti-sound  signal.  On 
the  other  hand  the  periodicity  and  the 
lower  noise  emission  of  the  propeller 
reduce  the  demands  for  an  anti-sound 
generator. 

ror  these  reasons  the  following  study  is 
limited  to  cancellation  of  the  periodic 
part  of  the  propeller  noise.  The  base  is 
the  un-dueted  propeller  engine.  rrom 
numerical  simulations  the  noise  reduction 
over  ground  with  a  single  aircraft  mounted 
antisound  source  is  determined.  Prom  the 
results  the  expenditure  can  be  compared 
with  noise  reduction.  To  allow  a  type-in¬ 
dependent  comparison  the  individual  pro¬ 
peller  harmonics  are  regarded  separately. 


2.  IWTEBPBBKNCE  CAWCELLATIOW 

2.1  Conditions  for  cancellation  (14) 

A  sound-field  can  be  described  by  the  ve¬ 
locity  potential  «(r,t).  4  obeys  the  wave 
equation  (8/(t  >  partial  derivative) 

4»4/tt'  -  c*»'4  •  c*q)r,t)  ♦  »v/*t  . 

The  left  part  of  the  equation  describes 
the  propagation,  the  right  part  stands  for 
the  source  terms  (acoustical  monopole, 
dipole).  The  sound  pressure  p  and  particle 
velocity  V  result  from 

p  ■  »  44/8t  (  V  •  -  grad  ♦  . 

Subsequently  a  sound-field  I*,  designed 
(or  cancelling  an  unwelcome  noise-field  4 
is  called  intl-sound  field.  The  anti-sound 
field  4*  for  destructive  interference  is 

4*(t,t)  •  -  4(r,t)  . 

If,  in  general,  the  anti-sound  signal  is 
not  exactly  cancelling  the  noise  signal, 
because  of  a  phase  error  84  and  an  ampll- 
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tud«  arror  ip/p,  than  tha  poaaibla  noiaa 
taductlou  tL  IdB)  can  ba 

iL  -  20  Ig  ((1  Ap/p>> 

'»  1  -  2  (1  ip/p)  eoi  ii  1  . 

For  axaapla,  with  a  phaaa  arroc  of  ii  • 
tlS*  and  an  aaplituda  arror  of  ±30%  thara 
it  a  laval  raduction' of  10  dB  (rig.  1). 


2.2  Acouatlcal  neutraliaation  1141 

Tha  Boat  obvious  way  to  cancal  a  noisa 
tourca  la  to  placa  an  anti-sound  sourca, 
which  is  opposita  in  phasa,  as  closa  as 
possibla.  Oua  to  tha  pcassura  aquallxation 
batwaan  noisa  sourca  and  anti-sound  sourca 
lass  anargy  is  radiatad.  This  affact  is 
varifiad  for  a  Bonopola  noisa  sourca: 

Tha  noiaa  sourca  with  tha  strangth  0  at 
tha  origin  of  tha  coordinatas  radiatas 
with  tha  angular  valoclty  «.  Tha  position 
of  tha  n-th  anti-sound  sourca  is  s. ,  its 
strangth  is  0, .  Tha  sound-fiald  of  tha 
singla  noisa  sourca  it 

♦l  •  rS"  '“X-t-kr)  . 

Tha  rasulting  sound-fiald  of  noisa 

source  plus  anti-sound  sourca  it 

♦fA  ■  rS'r  •X.(wt-kr) 

Q;sln(«t-k  Ir-sJ) 

Tha  sound  power  output  N;,  of  tha  noisa 
source  and  tha  output  of  the 

eoabinatlon  of  noisa  source  L  and  anti¬ 
sound  source  A  can  ba  obtained  by  inte¬ 
grating  tha  intensity  on  tha  surface  of 
tha  surrounding  control  sphere.  Tha  ratio 
is  a  naatura  for  noise  raduction. 

Noise  reduction  is  batter  tha  higher  tha 
degree  of  tha  coaibinatlon  is.  To 

cancel  tha  radiation  part  of  the  nullth 
degree  it  is  required  that 


0  -  E  On  •  ®  • 

n  ■  1 


To  cancal  the  dipole  part  of  two  or  aora 
anti-sound  sources  it  is  required  that 


E  •„  0„  -  0  s  «  k  . 
n  •  1 

Thara  are  optlaiting  conditions  for  groups 
of  anti-sound  sources  to  cancal  tha  quad- 
rupola  part. 

Tha  so  called  'acoustical  neutralisation' 
could  be  intarpreted  as  transforaing  tha 
noise  sourca  into  a  radiator  with  a  degree 
as  high  at  possible. 

rigura  2  shows  tha  power  output  raduction 
for  various  coabinatlons  of  noisa  and 
anti-sound  sources  in  relation  to  tha 
distance  s.  Tha  tiaplast  coablnatton  la 
using  a  tingle  anti-sound  sourca,  which 
results  in  a  dipole  radiator.  By  using  two 
colllnaar  anti-sound  sources  tha  coabinad 
radiation  has  a  quadrupola  charaetarlstlc. 


2.3  Bactorlal  eancallatlon  [141 

If  it  is  net  possibla  to  aeat  tha  condi¬ 
tion  t  <<  k,  there  is  no  oanidiractlonal 
cancellation,  but  still  there  it  sectorial 
noisa  cancellation  in  tha  shadow  angle  of 
tha  anti-sound  source,  ror  cancellation  in 
tha  far-flald  where  the  distance  to  the 
iaaission  point  is  large  coapared  to  tha 
distance  a  between  noise  tourca  and  anti- 
sound  sourca  tha  noiaa  raduction  is 

AL.  -  20  Ig  C2  sin  (2s(s/k)  sin>a/2))  . 

Hare  a  it  tha  angular  deflection  froa  tha 
canter  line.  This  relation  is  shown  in 
rigura  3.  At  a  distance  relation  t/k  •  1 
thara  is  a  noisa  raduction  of  20  dB  in  a 
cone  with  angle  a  •  ±10* . 


3.  CA»CBt.tATICII  or  PBOHHBK  MOIBB 


3.1  rropall'it  noise 

There  are  two  causas  for  tha  periodic  part 
of  tha  propeller  noise:  Thrust  by  a  rotor 
is  acoustically  a  dipole  radiator.  By  sep¬ 
arating  this  dipole  into  its  thraa-diaan- 
slonal  coaponants,  one  seas  that  tha 
axial,  thrust-based  coaponant  is  doainant. 
In  addition  there  is  a  tangential  and  a 
radial  coaponant  which  result  froa  fric¬ 
tional  and  centrifugal  forcas.  A  second 
causa  for  noise  is  tha  blade-thicknass 
noisa  (voluaa  dlsplacaaant) .  Priaarily  it 
is  an  acouatlcal  aonopola  with  a  voluaa 
source  at  tha  front  and  a  sink  at  tha  rear 
of  tha  blade.  If  tha  distance  batwaan 
sourca  and  sink  is  saall  coapared  to  tha 
wave-length,  this  is  as  wall  an  acoustic 
dipole  source. 

Tha  fundaaantal  theory  of  propeller  noise 
is  based  on  Gutin  (19).  Additional  pio¬ 
neering  work  was  dona  by  Harbt  and  Billing 
(20)  and  Lowson  (23).  A  theory  of  noise 
radiation  froa  aovlng  surfaces  originates 
froa  rfowcs-Williaas  :<nd  Hawking  (24).  In 
tha  following  a  alapllflad  derivation  of 
tha  propeller  sound-field  is  used.  It  is 
especially  alaad  at  tha  question  of  intar- 
faranca  cancellation.  For  tha  aodel  used 
hare  speakers  are  distributed  over  tha 
propeller  ares.  Tha  voluaa  dlsplacaaant  of 
tha  rotating  propeller  is  siaulatad  by  an 
equivalent  action  of  tha  speaker's  aea- 
brana.  in  tha  saaa  way  tha  propeller- 
thrust  induced  acoustical  dipole  can  ba 
siaulatad  by  pairs  of  speakers.  Each  pair 
has  the  saaa  loudness  laval  but  opposite 
phasa.  For  this  nodal  tha  phasa  surface 
and  tha  directional  diagraa  of  tha  pro¬ 
peller  sound-fiald  can  ba  calculated.  For 
tha  description  tha  spherical  coordinatas 
t,4,B  are  introduced.  Tha  origin  is  at  tha 
canter  of  tha  propeller,  r  is  tha  distance 
froa  tha  origin  to  the  point  of  iaaission. 
6  is  tha  angle  to  tha  propeller  plana  and 
♦  is  the  aaridlan  angle. 

For  tha  problaa  hare  treated  an  annular 
cut  of  tha  sound-anitting  propeller  plana 
with  radius  It  is  considered.  Nith  tha 
annular  angle  T  tha  notion  of  the  'aaa- 
brana'  of  tha  n-th  haraonic  wave  of  a 
B-bladad  propeller,  rotating  with  tha 
angular  frequency  a,  la 

0  •  0,  sin  nalat  -  ♦)  . 
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Mith  thl«  annular  distribution  of  sound 
sourcas  tha  sound  prassura  p  in  tha  far- 
fiald  (r  >>  R)  is  Ik  >  w/c) 

2  s 

p  -  0^  J"  sin  naCut  -  kr  -  kcos  0)  • 

♦  -  0 

••  sin(a  -  9>  da/r 
“  (*»•  •‘X  ®>  * 

na 


na(Mt  -  kr  4  4)/r  . 


Tha  sound-fiald  p,  of  tha  doainant  axial 
dipola  caused  by  thrust  is  raprasantad  by 
a  suparposition  of  two  antiphasad  circlas 
of  spaakars,  which  ara  shiftad  by  an  axial 
distanca 

p,  ■  p.,  sin  e  J,.(na  k  R  cos  9)  * 

*  sin  na(wt  -  kr  4  4)/r  , 

Analogously  tha  blada-thicknaaa-noisa  p, 
is  raprasantad  by  two  circlas  of  aaittars, 
shiftad  by  tha  an^la  AT. 

Pi  "  Pia  '!■■(»■  K  CO*  ®)  * 

*  sin  nsi  (wt  -  kr  4  a)/r  . 

Tha  phasa  of  both  tha  dipola  p.  and  tha 
blada  thicknasa  noisa  p,  is  dascribad  by 

sin  na(Mt  -  kr  4  6)  . 

Por  a  discrata  tiaa  t  ••  t,  tha  condition 
for  tha  location  of  constant  phasa  is 

-  kr  4  a  ■  const. 

That  is  tha  aquation  for  a  spharical 
Arehiaadian  apiril. 


3  .  Intarfaranca  cancallation 

Por  propallar  airplanas  it  ii.  suffieiant 
to  cancal  tha  qround  diractad  noisa  fiald. 
Tharafora  in  principla  tha  arranqaaant  of 
anti-sound  sourcas  is  siaplar.  In  tha 
following  tha  araa  for  which  noisa  can  ba 
cancallad  by  a  singla  anti-sound  sourca  is 
calculatad. 

Nith  (14)  a  constantly  rotating  propallar 
produces  a  spirally  foraad  sound-fiald.  In 
tha  far  fiald  tha  linas  of  aqual  phasa  ara 
on  Arehiaadian  spirals  with  tha  rotor  axis 
at  tha  cantra.  Indapandant  of  tha  design 
of  tha  propallar, in  tha  plana  of  tha 
propallar  the  spiral  is  raprasantad  by 

r  -  c4/w  . 

Tne  round-field  of  a  propallar  with  ■ 
blades  is  coaposed  of  ■  spirals,  revolved 
into  each  other.  For  large  distances  r  tha 
spiral  has  tha  tangent 

tg  T  •  c/tw 

and  tha  radius  of  curvature  is 
»  •  /  r*  ♦  ( c/mt •  . 


An  aircraft  aountad  anti-noisa  source 
creates  a  spharical  phase  surface.  Pixing 
the  anti-sound  sourca  at  a  horixontal 
distanca  c/ia  froa  the  propallar  axis, 
there  is  the  saaa  tangent  and  radius  of 
curvatura  for  tha  spiral  and  tha  sphere  in 
tha  vertical  direction  (Fig.  4).  If  the 
anti-sound  source  signal  is  antiphased  to 
tha  propeller  sound,  there  is  cancalla¬ 
tion. 

Tha  degree  of  cancallation  decreases  on 
both  sides,  bacausa  spiral  and  circla 
differ  froB  tha  3rd  degree  on.  Tha  dis¬ 
tance  difference  Ar  is 

Ar  •  (4  -  sin  4)  c/m  . 

Por  tha  n-th  haraonic  wave  tha  cancella¬ 
tion  dacraasas  as 

AL  -  20  Ig  2  sin  s  Ar/k,  . 

In  Pig.  5  tha  achievable  level  reductions 
in  tha  propallar  plana  (0  •  0)  for  each 
propallar  haraonics  of  a  2-bladed  propel¬ 
ler  ara  shown. 

Fig.  6  shows  the  affact  of  an  anti-sound 
sourca  on  tha  noisa  footprint  of  the 
blada-thicknass  noisa.  A  2-bladad  propel¬ 
ler  (a  •  2)  is  located  at  the  origin  (x  • 
y  •  0)  and  at  an  altitude  H  >  100a.  The 
propeller  axis  is  in  tha  x-diraction.  On  y 
the  right  (y>0)  and  on  tha  left  (y<0)  aids 
ara  tha  noisa  foot  prints  with  and  without 
tha  anti-sound  source  raspactivaly.  Tha 
anti-sound  sourca  has  a  aonopola  charac¬ 
teristic  and  is  fixed  to  tha  airplane.  Its 
position  is  in  tha  prnpallar  plana  at  a 
distanca  a  •  c/w  froa  tha  propeller  axis. 
Aaplituda  and  phasa  of  tha  anti-sound 
source  ara  adjusted  for  absolute  cancalla¬ 
tion  in  tha  vertical  direction  e>4-0.  Pot 
that  configuration  blada-thicknass  noisa 
and  anti-sound  sourca  have  tha  sound- 
fields  p,  and  Pi 

p,  ■  Pi  sin  nalwt  -  kr  e  4) 

Pi  "  ^1  *in  na(at  -  kr*)  . 

With  p,  and  P|  denoting  tha  prassura 
aaplitudas  of  blada-thicknass  noisa  and 
anti-soui'.d 

Pi  “  P>.  Ji.f®  ■  t  R  cos  e)/r 

Pi  •  Pi.  Jiifn  ■  k  «l/r 

tho  resulting  aaplituda  P|,  Is 


Pii  “  ^Pi*Pi-2PiPi  cos  na(4  -  k(r  -  r’l) 

In  tha  neighbour Iiood  of  the  cancellation 
direction  s  •  4  -  0  there  is  also  suffi¬ 
cient  cancallation.  i'ar  froa  this  region 
and  for  tha  higher  haraonics  tha  super¬ 
position  of  tha  blada-thicknass  noisa  and 
tha  anti-noisa  sourca  causes  an  aaplifi- 
cation.  Likewise  this  aaplification  affact 
can  ba  reduced  by  another  cancallation 
direction.  In  Pig.  7,  f.a.  tha  direction 
4  ■  0  and  •  •  4S*  for  absolute  cancella¬ 
tion  was  chosen. 

rig.  8  shows  tha  noise  foot  prints  for  tha 
thrust  noisa  with  and  without  an  anti¬ 
sound  sourca.  Likewise  tha  propallar  is  at 
an  altitude  H  •  100  a  above  tha  origin  of 


th«  coordinata*.  Tha  antl-aound  toutca  haa 
a  dipola  charactariatic.  Tha  anti-sound 
aourca  is  dasl^nad  for  absoluta  cancalla- 
tion  in  tha  diraction  *-0  and  G-30*. 
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Wa  thank  Dr.  Sdlkow  for  his  kind  and  con¬ 
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tory,  aspacially  in  our  anti-noisa  activi- 
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rig.  2  Acouatlcal  caneallatlon. 
Raduction  of  nclta  aaiaalon  by  using 
antl-aound  sourcas  locatad  at  a  dla- 
tanea  a  (X  >  wava-langth) , 
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fS%hr“;:r;,n“^roi:r*fr;T.  iv  ^n-naeion 


21 


^0 

fiS^“ 


Fuif/f 

IlllWnouf"///-// 

iSSF^'' 


kism 


fifes' 


m 


rig.  7  root  print  of  th*  blade-thickness  noise  of  a  2-bladed 
propeller  (a  •  2)  for  the  propeller  haraonics  n  •  1  -  4. 

The  left  side  (y  <  0)  shows  the  sound-field  without  and  the 
right  side  (y  >  0)  shows  it  with  an  anti-sound  source. 

The  anti-sound  source  is  designed  for  a  10  dB  cancellation  in 
the  centre  passing  over  (x  -  y  -  0). 


ri9.  8  root  pclnt  of  th«  thrust  nolsi  of  a  2-bladtd  pro- 
psllar  (■  •  2)  for  ths  propcllsr  hacaoniot  n  •  1  -  4. 

Tha  Isft  aids  (y  <  0)  shows  ths  sound-fiald  without  and  ths 
right  aids  (y  >  0)  shows  it  with  an  anti-sound  soutus. 

Ths  anti-sound  source  is  adjusted  for  absolute  cancellation 
in  ths  ditflction  4  •  0  and  9  •  30* . 
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1 4.  Abstract 


The  Conference  Proceeding'  contain  26  papers  presented  at  the  Propulsion  and  Energetics  Panel 
78B  Specialists'  Meeting  on  "Combat  Aircraft  Noise"  which  was  held  23rd— 2.‘ith  October  1 99 1 
in  Bonn.  Germany. 

Noise  cmis:  'on  from  combat  aircraft  at  low  altitude,  high-speed  training  missions  over  populated 
ureas  has  led  to  massive  complaints.  The  purpose  of  the  Meeting  was  to  offer  a  forum  for 
specialists  to  di.scuss  the  latest  .state  of  the  technology  concerned  and  —  if  possible  —  to  find 
solutions  for  overcoming  the  problems. 

Tile  Specialists'  Meeting  was  composed  of  the  following  sessions;  User's  Demand.  Experience  of 
Noise  Effects  (II);  Mechanisms  of  Noise  Generation  (5);  Noise  Measurements.  Predictions 
Mcthtxis  (6);  Noise  Reduction  (4).  Questions  and  answers  of  the  discussions  follow  each  paper  in 
the  PrtKcedings. 


As  a  result,  there  were  numerous  psissibilitics  in  discussion  for  miKleratc  noise  reductions,  while 
for  significant  noise  reductions  the  prospects  arc  unclear. 
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